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ABSTRACT
The e f f e c t  o f  l o c a l  w ind f o r c i n g  h a s  b e e n  examined t o  d e t e r m i n e  i t s  
r o l e  i n  p r o d u c i n g  s e a  l e v e l  s e t u p s  a c r o s s  t h e  l o w e r  C h e s a p e a k e  B a y .  
P r e v i o u s  s t u d i e s  h a v e  show n t h a t  l o c a l  w in d s  and n o n - l o c a l  ( c o a s t a l )  
f o r c i n g  s i g n i f i c a n t l y  i n f l u e n c e  n o n - t i d a l  f l u c t u a t i o n s  o f  l o n g i t u d i n a l  
s e a  l e v e l  i n  t h e  B a y .  T h e s e  e f f e c t s  r e s u l t  i n  m ajor  d e p a r t u r e s  from 
c l a s s i c a l  e s t u a r i n e  c i r c u l a t i o n  i n  t h e  B a y  and  i t s  t r i b u t a r i e s .  Wang 
h a s  f o r m u l a t e d  a q u a l i t a t i v e  model  d e s c r i b i n g  s e a  l e v e l  r e s p o n s e  t o  t h e  
w i n d s  o f  w e a t h e r  s y s t e m s  p a s s i n g  o v e r  t h e  B a y .  H o w e v e r ,  l a t e r a l  
v a r i a b i l i t y  h a d  n o t  b e e n  s t u d i e d  d e s p i t e  i n d i c a t i o n s  t h a t  h i g h e r  s u r g e  
e l e v a t i o n s  w e r e  o c c u r r i n g  on o n e  s h o r e  o f  t h e  B a y  b u t  n o t  o n  t h e  
o p p o s i t e  d u r i n g  m a j o r  s t o r m s .  T h i s  s t u d y  h a s  found t h a t  s u r g e  h e i g h t  
d i f f e r e n c e s  of up t o  1 f o o t  ( . 3 1  m e t e r )  do o c c u r .  T h i s  d i f f e r e n c e  i s  
p r i m a r i l y  d u e  t o  t h e  l o c a l  e a s t —w e s t  ( l a t e r a l )  component  o f  t h e  wind  
s t r e s s  a s s o c i a t e d  w i t h  e x t r a t r o p i c a l  s t o r m s .  The r e s p o n s e  t i m e  o f  t h e  
s e t u p  t o  s u s t a i n e d  w i n d  f o r c i n g  i s  l e s s  t h a n  t h r e e  h o u r s .  S p e c t r a l  
a n a l y s i s  o f  t h e  w i n d  and s e a  l e v e l  d a t a  r e v e a l e d  n o  s i g n i f i c a n t  
c o h e r e n c e  b e t w e e n  t h e  s e t u p  and t h e  n o r t h —s o u t h  wind  s t r e s s  com ponent .  
T h u s ,  t h e  c r o s s - b a y  s e t u p  p h e n o m e n o n  a p p e a r s  t o  b e  d o m i n a t e d  b y  t h e  
l o c a l  e a s t - w e s t  w ind s t r e s s  com p on e n t .  However,  t h e  Ekman e q u a t i o n  f o r  
s e t u p  under  s t a t i c  e q u i l i b r i u m  u n d e r p r e d i c t s  o b s e r v e d  s e t u p  e l e v a t i o n s  
r e s u l t i n g  f r o m  e x t r a t r o p i c a l  s t o r m s .  A d d i t i o n a l  s t u d y  m u s t  b e  
u n d e r t a k e n  t o  d e t e r m i n e  t h e  o t h e r  f a c t o r s  c o n t r i b u t i n g  t o  t h e  s e t u p .
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NON-TIDAL SEA LEVEL VARIATIONS ACROSS THE LOWER CHESAPEAKE BAY
INTRODUCTION
An u n d e r s t a n d i n g  o f  s e a  l e v e l  r e s p o n s e  t o  m e t e o r o l o g i c a l  f o r c e s  
becomes  i n c r e a s i n g l y  im p o r t a n t  w i t h  t h e  e x p a n d i n g  u s e  and d e v e l o p m e n t  
o f  c o a s t a l  a r e a s .  One i m p o r t a n t  r e s p o n s e  i s  s torm  s u r g e ,  a phenomenon 
in  w h ich  t h e  s e a  s u r f a c e  r i s e s  above  normal  h e i g h t s  und er  t h e  i n f l u e n c e  
o f  t h e  s e v e r e  w e a t h e r  o f  s t o r m s .  The  d e s t r u c t i v e  e f f e c t s  o f  s torm  
s u r g e s  a r i s e  from t h e  t w o - f o l d  r e s u l t s  o f  a b n o r m a l l y  h i g h  w a t e r  l e v e l s :
1)  F l o o d i n g  o f  a r e a s  above normal  h i g h  w a t e r  l e v e l s  and o v e r t o p p i n g  
o f  n a t u r a l  and man-made d i k e s .
2)  I n t r o d u c t i o n  o f  wave a c t i o n  t o  h i g h e r  p a r t s  o f  t h e  s h o r e l i n e  n o t  
u s u a l l y  e x p o s e d  t o  s u r f .
D a m a g e  o c c u r s  i n  t h e  f o r m  o f  a c c e l e r a t e d  s h o r e l i n e  e r o s i o n  and  
d e v a s t a t i o n  o f  man made s t r u c t u r e s  b y  p o w e r f u l  w ave  a c t i o n .  F i g u r e  1 
i l l u s t r a t e s  t h i s  p h e n o m e n o n :  wind waves  wash o v e r  t h e  s u p e r s t r u c t u r e
o f  a p i e r  as  a r e s u l t  o f  s u r g e  i n d u c e d  e l e v a t i o n  o f  s e a  l e v e l  d u r i n g  a 
n o r t h e a s t e r  o v e r  C h esapeake  Bay .
Storm s u r g e  i s  an e x trem e  example  o f  s e a  l e v e l  v a r i a t i o n s  t h a t  a r e  
m e t e o r o l o g i c a l l y  g e n e r a t e d .  The term ' s t o r m  s u r g e , '  or  s i m p l y  ' s u r g e , '  
i s  u s e d  b y  s o m e  r e s e a r c h e r s  t o  d e n o t e  t h e  t o t a l  o f  a l l  n o n -  
a s t r o n o m i c a l l y  r e l a t e d  components  o f  t h e  o b s e r v e d  t i d e .  S i n c e  ' s u r g e '  
and ' s t o r m  s u r g e '  s u g g e s t  e p i s o d i c  h i g h  e n e r g y  e v e n t s  o t h e r  r e s e a r c h e r s  
u s e  t h e  p h r a s e s  ' m e t e o r o l o g i c a l  t i d e ' ,  'w ind t i d e ' ,  o r  ' r e s i d u a l  t i d e '
2
3t o  d e s c r i b e  t h e  phenomenon.  Wang and E l l i o t  ( 1 9 7 8 )  u s e  t h e  t e r m  ' n o n -  
t i d a l  v a r i a b i l i t y * '  t h u s  a v o i d i n g  t h e  i m p l i c a t i o n  t h a t  t h e  r e s i d u a l  sea  
l e v e l  e l e v a t i o n s  are  c a u s e d  by  t i d a l  f o r c e s .  T h i s  p a p e r  w i l l  a l s o  u s e  
' n o n - t i d a l  v a r i a t i o n s '  t o  d e n o t e  t h e  n o n - a s t r o n o m i c a l l y  p r o d u c e d  p o r t i o n  
o f  t h e  o b s e r v e d  t i d e ,  and r e s i d u a l ,  h r ,  d e f i n e d :  
hr  = ho  — ha
where  ho = o b s e r v e d  t i d e  and ha = a s t r o n o m i c a l l y  p r od u c e d  t i d e .  ' S t o r m  
s u r g e '  w i l l  b e  u s e d  t o  d e n o t e  a b n o r m a l l y  h i g h  w a t e r  l e v e l s  p r o d u c e d  by  
t r o p i c a l  and e x t r a t r o p i c a l  s t o r m s .
The p r i m a r y  f o r c e s  t h a t  g e n e r a t e  n o n - t i d a l  s e a  l e v e l  v a r i a t i o n s  are  
wind s t r e s s  e x e r t e d  on t h e  s e a  s u r f a c e ,  and a t m o s p h e r i c  p r e s s u r e  w h i c h  
p r o d u c e s  an i n v e r t e d  b a r o m e t e r  e f f e c t .  In  e n c l o s e d  or  s h a l l o w  w a t e r  
b o d i e s  t h e  v a r i a b i l i t y  i s  m o d i f i e d  b y  o t h e r  f a c t o r s  i n c l u d i n g  b o t t o m  
f r i c t i o n ,  b a s i n  g e o m e t r y ,  f r e s h  w a t e r  i n f l o w ,  and i n t e r a c t i o n  b e t w e e n  
t h e  w a t e r  body and t h e  a d j a c e n t  open  o c e a n .  In  t h e  C h e s a p e a k e  B ay  t h e  
s e a  l e v e l  r e s p o n d s  t o  n o n - t i d a l  f o r c i n g  in  a c o m p l i c a t e d  manner.  Water  
l e v e l s  v a r y  o v e r  s p a c e  a s  w e l l  a s  t i m e  u n d e r  t h e  i n f l u e n c e  o f  many  
v a r i a b l e s  ( s e e  C a r t e r  e t  a l ,  1 9 7 9 ,  f o r  a d i s c u s s i o n  o f  r e c e n t
d i s c o v e r i e s  i n  C h esap e ak e  Bay  h y d r o d y n a m i c s ) .  B e f o r e  a c c u r a t e  s t o r m
s u r g e  m o d e l s  c a n  b e  p e r f e c t e d ,  k n o w l e d g e  o f  t h e  c o m p le x  dynam ics  o f  
w a t e r  b o d y - a t m o s p h e r e  i n t e r a c t i o n s  must  b e  i n c r e a s e d .  The  p u r p o s e  o f  
t h i s  s t u d y  i s  t o  c o n t r i b u t e  t o  an u n d e r s t a n d i n g  o f  t h e  n o n - t i d a l  
v a r i a t i o n s  o f  s e a  l e v e l  i n  C h e s a p e a k e  B a y .  I n  p a r t i c u l a r ,  t h e
p h e n o m e n o n  o f  wind d r i v e n  s e t u p  a c r o s s  t h e  lo w e r  s e c t i o n  o f  t h e  Bay has
b e e n  examined t o  d e t e r m i n e  t h e  s i g n i f i c a n c e  o f  l o c a l  w in d s  a s  a f o r c i n g  
m echan ism .
4FIGURE 1. HIGH WATER AT VIRGINIA INSTITUTE OF MARINE SCIENCE 
DURING EXTRATROPICAL STORM OF OCTOBER 24-26, 1982. 
(Photo by J. D. Boon)
CHESAPEAKE BAY STUDIES
N o b —t i d a l  f l u c t u a t i o n s  o f  s e a  l e v e l  i n  C h esap e ak e  Bay h a v e  b e e n  
s t u d i e d  by  a number o f  r e s e a r c h e r s  d u r i n g  t h e  p a s t  25 y e a r s .  In g e n e r a l  
t h e y  h a v e  f o u n d  t h e  w i n d  s t r e s s  t o  be t h e  d o m i n a n t  m e t e o r o l o g i c a l  
f o r c i n g  m e c h a n i s m  ( P o l i a k  1 9 6 0 ,  E l l i o t t  1 9 7 6 ,  S c h e f f n e r  1 9 7 8 ,  Wang 
1 9 7 9 a ) .  P e r i o d i c  f l u c t u a t i o n s  h a v e  b e e n  d i s c o v e r e d ,  w i t h  d r i v i n g  f o r c e s  
a t t r i b u t e d  t o  b o t h  l o c a l  and d i s t a n t  wind f i e l d s .  P o l i a k  ( 1 9 5 7 )  f o u n d  
t w o  h i g h l y  c o r r e l a t e d  l o n g i t u d i n a l  s e a  l e v e l  s l o p e s  i n  t h e  u p p e r  and 
l o w e r  B ay .  U s i n g  o v e r  12 y e a r s  o f  d a t a  from t h r e e  p r im a r y  t i d e  s t a t i o n s  
—  B a l t i m o r e ,  S o l o m o n s ,  and H am pton  R o a d s  —  h e  c o m p u t e d  12 m o n th  
r u n n in g  mean s e a  l e v e l s  from m o n th ly  m ean s .  The y e a r l y  MSL f o r  e a c h  12  
m o n th  s e t  was s u b t r a c t e d  from t h e  o b s e r v e d  mean o f  t h e  s e v e n t h  month o f  
t h e  s e t  t o  y i e l d  a r e s i d u a l  w h i c h  h e  c a l l e d  t h e  m o n t h l y  s e a  l e v e l  
a n o m a l y  (MSLA) . D i f f e r e n c e s  b e t w e e n  c o r r e s p o n d i n g  MSLA' s a t  tw o  
s t a t i o n s  w e r e  i n t e r p r e t e d  a s  a m e a s u r e  o f  t h e  s l o p e  i n  w a t e r  l e v e l  
b e t w e e n  t h e  tw o  s t a t i o n s .  When t h e  d i f f e r e n c e s  b e t w e e n  B a l t i m o r e  and 
S o lom on s  MSLA's , i . e .  s l o p e  i n  t h e  u p p e r  B a y ,  w e r e  c o m p a r e d  t o  t h e  
S o l o m o n s  m i n u s  Hampton  R o a d s  MSLA's —  t h e  s l o p e  o f  t h e  l o w e r  Bay —  
P o l i a k  found  a c o r r e l a t i o n  c o e f f i c i e n t  o f  + 0 . 8 8 .  He p o i n t e d  o u t  t h a t  
t h e  m e a s u r e d  s l o p e  i s  w i t h  r e s p e c t  t o  a l o n g  t e r m  e q u i l i b r i u m  
c o n f i g u r a t i o n  o f  t h e  s e a  s u r f a c e ,  a c o n f i g u r a t i o n  t h a t  may r e s u l t  f r o m  
t h e  c o m b i n e d  e f f e c t s  o f  w a t e r  d e n s i t y  d i s t r i b u t i o n s ,  r i v e r  i n f l o w ,  wind
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6s t r e s s ,  and b a r o m e t r i c  p r e s s u r e  g r a d i e n t s .  V a r i a t i o n s  i n  s l o p e  t h u s  
r e f l e c t  v a r i a t i o n s  o f  t h e s e  f a c t o r s  from t h e i r  annua l  means.
In  a s u b s e q u e n t  s t u d y ,  P o l i a k  ( 1 9 6 0 )  f o u n d  t h a t  t h e  l o n g i t u d i n a l  
s l o p e  c o r r e l a t e d  well with the n o r t h - s o u t h  component  o f  t h e  mean m o n th ly  
wind f o r c e  v e c t o r .  U s i n g  an a p p r o a c h  f o r  d e t e r m i n i n g  MSLA s l i g h t l y  
m o d i f i e d  f rom  t h a t  o f  t h e  p r e v i o u s  s t u d y ,  he computed t h e  v a l u e  o f  t h e  
MSLA d i f f e r e n c e s  b e t w e e n  B a l t i m o r e  and N o r f o l k  w h i c h  h e  r e f e r r e d  t o  as  
s e t u p  (AMSLA). From h i s  a n a l y s i s  o f  t h e s e  d a t a  and c o m p a r i s o n  t o  
m e t e o r o l o g i c a l  and r i v e r  f l o w  d a t a  he found t h e  f o l l o w i n g  r e s u l t s :
1)  The  s e a  l e v e l  s l o p e  rem ained  u n i f o r m  o v e r  t h e  l e n g t h  o f  t h e  Bay  
r e g a r d l e s s  o f  t h e  d e g r e e  o f  t i l t .
2 )  The e a s t - w e s t  a x i s  o f  t i l t  i s  l o c a t e d  n e a r  t h e  Bay mouth .
3)  No c o r r e l a t i o n  b e t w e e n  AMSLA and r i v e r  d i s c h a r g e  was  f o u n d ,  
s u g g e s t i n g  t h a t  r i v e r  g r a d i e n t s  were  n o t  t h e  c a u s e  o f  t h e  s l o p e ,  
b u t  n o t  n e c e s s a r i l y  e l i m i n a t i n g  f r e s h  w a t e r  a l t e r a t i o n s  o f  
d e n s i t y  d i s t r i b u t i o n s  a s  a c a u s e .
4)  A model  o f  d e n s i t y  d i s t r i b u t i o n  v a r i a t i o n s  y i e l d e d  maximum AMSLA 
v a r i a t i o n s  o f  o n l y  0 . 0 6  f t . ,  t o o  s m a l l  t o  e x p l a i n  t h e  o b s e r v e d  
AMSLA' s .
5) S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  w i t h  b a r o m e t r i c  p r e s s u r e  d a t a ,  
a l t h o u g h  some i n c o n s i s t e n c i e s  i n  t h e  r e c o r d e d  p r e s s u r e s  w e r e  
n o t e d .  The a v e r a g e  e f f e c t  on AMSLA was l e s s  than  0 . 0 3  f t .
6)  A h i g h  c o r r e l a t i o n  b e t w e e n  t h e  n o r t h - s o u t h  component o f  t h e  mean  
m o n t h l y  w i n d  f o r c e  v e c t o r  and t h e  r e l a t i v e  s e t u p  was f o u n d .  The  
c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h i s  c o m p o n e n t  w as  + 0 . 9 2  w h i l e  no  
c o r r e l a t i o n  was found f o r  t h e  e a s t - w e s t  com ponent .
7N. S c h e f f n e r  ( 1 9 7 8 ) ,  w o r k i n g  w i t h  d a t a  s e l e c t e d  f r o m  o n e  y e a r ' s  
o b s e r v a t i o n s  a t  49  t i d a l  s t a t i o n s ,  found a p e r i o d i c  v a r i a b i l i t y  in  t h e  
l o n g i t u d i n a l  s e a  l e v e l  s l o p e  t h a t  was h i g h l y  c o r r e l a t e d  w i t h  t h e  n o r t h -  
s o u t h  w i n d  s p e e d  c o m p o n e n t .  S c h e f f n e r  f i r s t  p e r f o r m e d  a s p e c t r a l  
a n a l y s i s  w h ich  showed s i g n i f i c a n t  e n e r g y  a t  a p e r i o d  n e a r  100  h o u r s  w i t h  
a m a g n i t u d e  b e t w e e n  t h a t  o f  t h e  d i u r n a l  and s e m i d i u r n a l  t i d e s .  F u r t h e r ,  
s t u d y  o f  t h e  p h a s e  p r o g r e s s i o n  up t h e  B a y  r e v e a l e d  t h a t  t h e  w a v e  w as  
n e i t h e r  t o t a l l y  p r o g r e s s i v e  n o r  t o t a l l y  s t a n d i n g .  A d d i t i o n a l l y ,  t h e  
p r o g r e s s i v e  p o r t i o n  o f  t h e  wave d i d  n o t  p r o p a g a t e  a t  t h e  s h a l l o w  w a t e r  
wave s p e e d  f o r  t h a t  p e r i o d .
S c h e f f n e r  t h e n  l o w - p a s s  f i l t e r e d  t h e  t i d e  d a t a  t o  r e m o v e  t h e  
d i u r n a l  and  h i g h e r  f r e q u e n c y  c o m p o n e n ts ,  l e a v i n g  a l l  c o n s t i t u e n t s  w i t h  
p e r i o d s  o f  36 h o u r s  and l o n g e r .  Wind d a t a  were a l s o  p a s s e d  t h r o u g h  t h e  
same f i l t e r .  T h e s e  d a t a  w e r e  r e s o l v e d  i n t o  n o r t h - s o u t h  and e a s t - w e s t  
components  and compared t o  t h e  f i r s t  d e r i v a t i v e  o f  t h e  f i l t e r e d  t i d e  
d a t a .  A h i g h  d e g r e e  o f  v i s u a l  c o r r e l a t i o n  was  a p p a r e n t  i n  t h e  
c o m p a r i s o n .  In a d d i t i o n ,  t h e  o v e r a l l  l o n g i t u d i n a l  s l o p e  was computed by  
f i r s t  s u b t r a c t i n g  t h e  r e s p e c t i v e  means from t h e  f i l t e r e d  t i d e  s e r i e s  o f  
f o u r  s t a t i o n s  s p a n n in g  t h e  l e n g t h  o f  t h e  Bay .  A l e a s t  s q u a r e s  f i t  o f  a 
s t r a i g h t  l i n e  t o  t h e  i n s t a n t a n e o u s  v a l u e s  a t  e ac h  t im e  s t e p  f o r  each  
s t a t i o n  y i e l d e d  a s l o p e  w h ic h  was compared t o  a t im e  s e r i e s  o f  s p a t i a l l y  
a v e r a g e d  w i n d  v e l o c i t i e s .  A g a i n ,  a h i g h  v i s u a l  c o r r e l a t i o n  l e d  
S c h e f f n e r  t o  c o n c l u d e  t h a t  w i n d  s t r e s s  i s  t h e  m a j o r  s o u r c e  o f  l o n g  
p e r i o d  f l u c t u a t i o n s  i n  Bay w a t e r  l e v e l .
T h i s  c o n c l u s i o n  w a s  s u p p o r t e d  b y  t h e  r e s u l t s  o f  t e s t s  w i t h  a 
n u m e r i c a l  m o d e l .  I n  t h e  f i r s t  t e s t  an a p p l i e d  wind f i e l d  o f  15 k n o t s  
and p e r i o d  o f  100  h o u r s  g e n e r a t e d  w a t e r  l e v e l  a m p l i t u d e  c h a r a c t e r i s t i c s
8a p p r o x i m a t e l y  e q u a l  t o  t h o s e  o f  t h e  o b s e r v e d  s e t u p .  In  t h e  s e c o n d  t e s t  
an i n f l u x  o f  w a t e r  a t  t h e  Bay mouth ,  w i t h  no a p p l i e d  w i n d ,  g e n e r a t e d  a 
w a v e  w i t h  n e a r l y  c o n s t a n t  a m p l i t u d e  up t h e  B ay ,  a r e s u l t  i n c o n s i s t e n t  
w i t h  t h e  o b s e r v e d  l o n g  p e r i o d  wave .
The s t u d i e s  of Poliak and Scheffner d e a l t  w i t h  t h e  l o n g i t u d i n a l  s e a  
l e v e l  s l o p e s  t h a t  were  in d u c e d  b y  l o c a l  w i n d s .  I n  a s e r i e s  o f  p a p e r s  
p u b l i s h e d  i n d i v i d u a l l y  and  j o i n t l y ,  Wang and  E l l i o t t  ( E l l i o t t  1 9 7 6 ,  
E l l i o t t  and Wang 1 9 7 8 ,  Wang 1 9 7 9 a  and 1 9 7 9 b ,  Wang and  E l l i o t t  1 9 7 8 )  
d e s c r i b e d  an a s s o r t m e n t  o f  n o n - t i d a l  f l u c t u a t i o n s  and  c i r c u l a t i o n  
p a t t e r n s  c a u s e d  n o t  o n l y  by  l o c a l  w in d s  b u t  b y  n o n - l o c a l  f o r c i n g  a l s o .
E l l i o t t  ( 1 9 7 6 )  i n v e s t i g a t e d  c i r c u l a t i o n  i n  t h e  P o tom ac  e s t u a r y  
u s i n g  c u r r e n t  m e a s u r e m e n t s ,  w i n d ,  t i d e ,  and  r u n o f f  d a t a  c o v e r i n g  t h e  
t i m e  p e r i o d  f r o m  J u l y ,  1 9 7 4  t o  J u l y ,  1 9 7 5 .  C u r r e n t s  were  m easured  i n  
one l o c a t i o n  a t  t h r e e  d e p t h s  —  1 0 ,  2 5 ,  and  4 0  f e e t  ( 3 ,  7 . 6 ,  and 1 2 . 2  
m e t e r s ) .  The c u r r e n t  d a t a  w e r e  low p a s s  f i l t e r e d  t o  remove t i d a l  and 
h i g h  f r e q u e n c y  c o m p o n e n t s .  The o u t p u t  showed f l u c t u a t i o n s  w i t h  p e r i o d s  
p r e d o m i n a n t l y  b e t w e e n  2 t o  5 d a y s .  D a i l y  means were t h e n  computed from 
t h e  f i l t e r e d  d a t a .  H o u r l y  v a l u e s  o f  n o n - t i d a l  r e s i d u a l  s e a  l e v e l  
e l e v a t i o n s  were  d e r i v e d  from o b s e r v e d  t i d e  d a t a  by  s u b t r a c t i n g  p r e d i c t e d  
h o u r l y  t i d e s  p r o v i d e d  by  t h e  N a t i o n a l  Ocean S u r v e y  (NOS). D a i l y  means o f  
t h e  r e s i d u a l s  w e r e  o b t a i n e d  and  a n n u a l  l o c a l  mean s e a  l e v e l s  w e r e  
com puted  f o r  e a c h  s t a t i o n  f r o m  y e a r  l o n g  r e c o r d s  o f  o b s e r v e d  t i d a l  
h e i g h t s .  T h e s e  r e s u l t s  p r o v i d e d  mean l o n g i t u d i n a l  s u r f a c e  s l o p e s  
b e t w e e n  t h e  t i d e  s t a t i o n s .  D a i l y  m e a n s  w e r e  a l s o  o b t a i n e d  f o r  r i v e r  
r u n o f f  and w i n d .  I n i t i a l l y ,  w i n d  d a t a  w e r e  o b t a i n e d  f r o m  tw o  wind  
s t a t i o n s ,  Q u a n t i c o  and P a t u x e n t ,  s e p a r a t e d  b y  a b o u t  50  n a u t i c a l  m i l e s  
( 9 3  k m ) .  The  d a t a  w e r e  c o m p a r e d ,  w i t h  r e s u l t i n g  h i g h  c o r r e l a t i o n  and
9p h a s e  l a g  o f  about  3 h o u r s ,  a t im e  p e r i o d  s h o r t  e n o u g h  t h a t  d a t a  f rom  
o n l y  o n e  s t a t i o n  were  n e c e s s a r y .  T h e s e  d a t a  were  c o n v e r t e d  i n t o  s t r e s s  
v e c t o r s  u s i n g  a q u a d r a t i c  r e l a t i o n s h i p ,  r e s o l v e d  i n t o  l o n g i t u d i n a l  and  
l a t e r a l  c o m p o n e n t s  and a v e r a g e d  o v e r  24  h o u r s .  E l l i o t t  t h e n  computed a 
m a t r i x  o f  c r o s s  c o r r e l a t i o n s  o f  t h e  d a t a .  The  v a r i a b l e s  f o u n d  t o  b e  
m o r e  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  t h e  c u r r e n t  d a t a  were  s u b j e c t e d  t o  
p r i n c i p a l  component a n a l y s i s  w i t h  t h e  f o l l o w i n g  r e s u l t s :
1) Over h a l f  t h e  t o t a l  v a r i a n c e  o f  t h e  c u r r e n t  d a t a  was e x p l a i n e d  by  
l o c a l  wind  s t r e s s  and s u r f a c e  s l o p e .
2)  A s e c o n d  mode was  f o u n d  t o  be s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  t h e  
t im e  r a t e  o f  change  o f  t h e  s l o p e .  T h i s  mode,  w h ic h  a c c o u n t e d  f o r  
25% o f  t h e  t o t a l  v a r i a n c e ,  was a t t r i b u t e d  t o  n o n - l o c a l  f o r c i n g .
E l l i o t t ' s  s t u d y  e m p h a s i z e d  n o t  o n l y  t h e  p o s s i b i l i t y  t h a t  w i n d  
s t r e s s  w a s  t h e  d o m i n a n t  c o n t r i b u t o r  t o  n o n - t i d a l  s e a  l e v e l  v a r i a b i l i t y  
i n  a C hesapeake  Bay s u b - e s t u a r y ,  b u t  a l s o  t h a t  n o n - l o c a l  f o r c i n g  c o u l d  
b e  a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  v a r i a b i l i t y .  E l l i o t t  and D. P .  Wang 
f o l l o w e d  up t h i s  s t u d y  w i t h  an a n a l y s i s  o f  two m o n t h s  o f  s e a  l e v e l  and  
m e t e o r o l o g i c a l  d a t a  from t h e  Bay and Potomac P i v e r  (Wang & E l l i o t t  1 9 7 8 ,  
E l l i o t t  & Wang, 1 9 7 8 ) .  T i d e  d a t a  f r o m  s e v e n  s t a t i o n s  on  t h e  B a y  and  
P o t o m a c  w e r e  low p a s s  f i l t e r e d  and a n a l y z e d  in  t h e  f r e q u e n c y  domain f o r  
p e r i o d i c  f l u c t u a t i o n s .  S p e c t r a l  p e a k s  a t  p e r i o d s  o f  2 0 ,  5 ,  and 2 . 5  days  
w e r e  f o u n d .  The  l o n g i t u d i n a l  d i s t r i b u t i o n  o f  t h e  a m p l i t u d e s  o f  t h e s e  
p e r i o d i c i t i e s  was q u i t e  d i f f e r e n t :
1)  The  a m p l i t u d e  o f  t h e  20 day f l u c t u a t i o n  d e c r e a s e d  nor th w ar d  from 
t h e  mouth o f  t h e  B ay .
2)  The 2 . 5  day o s c i l l a t i o n  i n c r e a s e d  i n  a m p l i t u d e  nor thw ar d  from t h e  
mouth o f  t h e  Bay .
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3 )  I n  t h e  P o t o m a c ,  t h e  20  d a y  f l u c t u a t i o n  w a s  n e a r l y  u n i f o r m  i n  
a m p l i t u d e •
4 )  The a m p l i t u d e  o f  t h e  2 . 5  day f l u c t u a t i o n  d e c r e a s e d  u p r i v e r  i n  t h e  
P o t o m a c .
5)  The 5 day f l u c t u a t i o n  was n e a r l y  u n i f o r m  i n  t h e  Bay .
T h e s e  r e s u l t s  a r e  shown i n  F i g u r e  2 .  A d d i t i o n a l l y :
1)  The  p h a s e  l a g  w i t h  r e s p e c t  t o  t h e  mouth o f  t h e  Bay o f  t h e  20 day  
f l u c t u a t i o n  i n c r e a s e d  up Bay t o  a b o u t  2 d a y s  b e t w e e n  K i p t o p e k e  
Beach  and A n n a p o l i s .
2)  The 5 day o s c i l l a t i o n  i n c r e a s e d  i n  p h a s e  l a g  up Bay t o  a b o u t  15  
h o u r s .
3 )  The p h a s e  l a g  o f  t h e  2 . 5  day o s c i l l a t i o n  was  n e a r l y  c o n s t a n t  a t  
z e r o  h o u r s .
Wang and E l l i o t t  c o n c l u d e d  f r o m  t h e s e  r e s u l t s  t h a t  t h e  20 and 5 day  
f l u c t u a t i o n s  o r i g i n a t e d  a t  t h e  mouth o f  t h e  Bay and p r o p a g a t e d  u p s t r e a m ,  
w h i l e  t h e  2 . 5  day v a r i a t i o n  was a s e i c h e  o s c i l l a t i o n  w i t h  a n o d e  a t  t h e  
mouth and an a n t i n o d e  a t  t h e  h e a d .
Comparison  o f  t h e s e  f l u c t u a t i o n s  t o  t im e  s e r i e s  o f  m e t e o r o l o g i c a l  
p a r a m e t e r s  showed low c o h e r e n c e  w i t h  a t m o s p h e r i c  p r e s s u r e  v a r i a t i o n ,  but  
s i m i l a r i t i e s  t o  t h e  wind s p e c t r a .  C oh er e n c e  among t h e  wind s t a t i o n s  was  
s i g n i f i c a n t  f o r  p e r i o d s  g r e a t e r  t h a n  5 d a y s .  C r o s s  s p e c t r a l  a n a l y s i s  
b e t w e e n  s e a  l e v e l  f l u c t u a t i o n s  and wind s t r e s s  components  r e v e a l e d :
1)  2 0  d a y  v a r i a t i o n s  a t  K i p t o p e k e  B e a c h  w e r e  c o h e r e n t  w i t h  t h e  
n o r t h - s o u t h  wind component a t  N o r f o l k .
2)  The 5 d a y  f l u c t u a t i o n  a t  K i p t o p e k e  Beach was c o h e r e n t  w i t h  t h e  
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FIGURE 2. SEA LEVEL SPECTRA AT FOUR LOCATIONS ALONG THE LONGITUDINAL 
AXIS OF CHESAPEAKE BAY (from Wang and Elliott, 1978).
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3)  T h e  2 . 5  d a y  f l u c t u a t i o n  w as  c o h e r e n t  w i t h  l o c a l  n o r t h —s o u t h  
w i n d s .
4 )  T h e  s u r f a c e  s l o p e  i n  t h e  B a y  and t h e  n o r t h - s o u t h  w i n d s  w e r e  
c o h e r e n t  o v e r  a r a n g e  o f  low f r e q u e n c i e s .
5)  The  P o t o m a c  R i v e r  s l o p e  w a s  n o t  c o h e r e n t  w i t h  t h e  l o n g i t u d i n a l  
w i n d ,  r a t h e r ,  i t  was h i g h l y  c o h e r e n t  w i t h  t h e  s u r f a c e  s l o p e  i n  
t h e  B ay .
From t h e s e  r e s u l t s ,  t h e  a u t h o r s  c o n c l u d e d :
1)  The 20  day  f l u c t u a t i o n  was d r i v e n  b y  c o a s t a l  Ekman f l u x  s e t  up by  
a l o n g s h o r e  ( i . e . ,  n o r t h - s o u t h )  w i n d s .  A c u r r e n t  d r i v e n  b y  n o r t h  
w i n d s  w o u l d  move w a t e r  i n t o  t h e  Bay and c o n v e r s e l y .  T h i s  e f f e c t  
i s  o p p o s i t e  t o  t h a t  f o r  l o c a l  n o r t h - s o u t h  w i n d s ,  and i s  d o m in a n t .
2 )  The  5 d a y  c o m p o n e n t  i s  g e n e r a t e d  by a c o m b i n a t i o n  o f  Ekman f l o w  
w i t h i n  t h e  Bay c o u p l e d  w i t h  c o a s t a l  r e s p o n s e  t o  e a s t - w e s t  w i n d s .
3 )  The  2 . 5  d a y  s e i c h e  o s c i l l a t i o n  i s  d r i v e n  b y  l o c a l  l o n g i t u d i n a l  
w i n d s .
4 )  A n a l o g o u s  t o  t h e  c o u p l i n g  b e t w e e n  t h e  Bay and c o a s t a l  o c e a n ,  a 
s i g n i f i c a n t  p o r t i o n  o f  t h e  Potomac R i v e r  v a r i a b i l i t y  i s  d r i v e n  by  
t h e  n o n - l o c a l  f l u c t u a t i o n s  i n  t h e  s u r f a c e  s l o p e  o f  t h e  B ay  
p r o p e r .
T he  a u t h o r s  f u r t h e r  n o t e d  t h a t  m ajor  f l u c t u a t i o n s  o c c u r  on a s e a s o n a l  
s c a l e  and d u r i n g  s torm  e v e n t s  and t h a t  n o n - l o c a l  f o r c i n g  w as  a t  t i m e s  
t h e  dominant  f a c t o r .
Wang ( 1 9 7 9 a )  l a t e r  p e r f o r m e d  a s i m i l a r  s t u d y ,  b u t  e x a m i n e d  d a t a  
f r o m  5 t i d e  s t a t i o n s  i n  t h e  Bay c o v e r i n g  a 1 - y e a r  p e r i o d  from 1 O cto b e r  
1974  t o  30 S e ptem ber  1 9 7 5 .  As i n  t h e  p r e v i o u s  s t u d i e s ,  t h e  d a t a  w e r e  
l o w  p a s s  f i l t e r e d  t o  r e m o v e  t i d a l  and  h i g h  f r e q u e n c i e s  and t h e n
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s p e c t r a l l y  a n a l y z e d .  He found  s i m i l a r  s p e c t r a  a t  a l l  s t a t i o n s  e x c e p t  
K i p t o p e k e ,  a t  t h e  m o u t h  o f  t h e  B a y .  M ost  o f  t h e  s p e c t r a l  e n e r g y  was  
l o c a t e d  a t  p e r i o d s  o f  2 . 5 ,  3 . 5 ,  a n d  8 d a y s ,  a n d  > 2 0  d a y s ,  w i t h  
a m p l i t u d e s  i n c r e a s i n g  up b a y .  C o h e r e n c e  among t h e  4  s t a t i o n s  was  
g e n e r a l l y  above  0 . 9  i n d i c a t i n g  t h a t  t h e  f l u c t u a t i o n s  w e r e  b a y - w i d e .  A t  
K i p t o p e k e  B e a c h  (KBCB) , f l u c t u a t i o n s  o c c u r r e d  a t  p e r i o d s  o f  4  and 6 . 5  
d a y s .  Wang a t t r i b u t e s  t h i s  c o n t r a s t  t o  t h e  p r o x i m i t y  o f  t h e  s t a t i o n  t o  
t h e  c o a s t a l  o c e a n .  KBCB w a s  c o h e r e n t  w i t h  t h e  r e s t  o f  t h e  Bay  a t  
p e r i o d s  g r e a t e r  th an  4 d a y s .  R e g a r d in g  KBCB as  a c o a s t a l  s t a t i o n ,  Wang 
c o n c l u d e d  t h a t  t h e  Bay  i s  c o u p l e d  t o  t h e  c o a s t a l  o c e a n  a t  t im e  s c a l e s  
g r e a t e r  th a n  4 d a y s .  F o l l o w i n g  t h i s  l e a d ,  h e  c o m p u t e d  f r o m  s e a  l e v e l  
m e a s u r e m e n t s  a l o n g  t h e  Bay t h e  vo lume f l u x  a c r o s s  t h e  mouth and d e r i v e d  
i t s  s p e c t r u m ,  f i n d i n g  t h e  g r e a t e s t  f l u x  o c c u r r i n g  a t  3 -  5 d a y  
i n t e r v a l s .  The c o h e r e n c e  b e t w e e n  t h e  f l u x  and s e a  l e v e l  in  t h e  Bay was  
h i g h  w i t h  a u n i f o r m  9 0 °  p h a s e  d i f f e r e n c e .  Wang n e x t  i n v e s t i g a t e d  t h e  
c o n t r i b u t i o n  o f  w i n d s  t o  t h e  s e a  l e v e l  f l u c t u a t i o n s ,  u s i n g  wind d a t a  
from N o r f o l k  and t h e  P a t u x e n t  R i v e r .  He computed t h e  wind s t r e s s  u s i n g  
a d r a g  c o e f f i  e s e n t  of 0 . 0 0 2 5  ( c f  Poliak's ( 1 9 6 0 )  e m p i r i c a l l y  d e r i v e d  
v a l u e  o f  0 . 0 0 2 1 ) ,  low  p a s s  f i l t e r e d  t h e  r e s u l t s , and r e s o l v e d  th e m  i n t o  
n o r t h —s o u t h  and  e a s t - w e s t  c o m p o n e n t s .  C r o s s  s p e c t r a  b e t w e e n  t h e s e  
components  and s e a  l e v e l  data were  c o m p u t e d .  B a s i c a l l y ,  t h e  f i n d i n g s  
w e r e :
1)  For p e r i o d s  b e t w e e n  4 - 1 0  d a y s ,  s e a  l e v e l  was c o h e r e n t  w i t h  t h e
e a s t - w e s t  wind co m p o n e n t .
2 )  Long p e r i o d s  g r e a t e r  than  10 d ays  a l s o  showed c o h e r e n c e  w i t h  t h e
e a s t - w e s t  w i n d .
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3)  For  p e r i o d s  <4 d a y s ,  s e a  l e v e l  was c o h e r e n t  w i t h  t h e  n o r t h - s o u t h  
w i n d .
Wang n o t e d  t h a t  t h e  B a y  a p p e a r e d  t o  b e  d r i v e n  b y  t h e  l o c a l  
l o n g i t u d i n a l  wind a t  s h o r t  p e r i o d s ,  b u t  was c o u p l e d  t o  t h e  c o a s t a l  oc e a n  
a t  l o n g e r  p e r i o d s  w h e r e  t h e  e a s t - w e s t  w i n d  c o m p o n e n t  h a d  a d o m i n a n t  
e f f e c t  b e c a u s e  o f  Ekman c i r c u l a t i o n .  T h a t  i s ,  when  c o u p l e d  t o  t h e  
c o a s t a l  o c e a n ,  s e a  l e v e l  c h a n g e s  i n d u c e d  i n  t h e  Bay  b y  t h e  n o r t h - s o u t h  
wind t e n d e d  t o  be  r e d u c e d  b e c a u s e  w a t e r  d r i v e n  o u t  o f  t h e  Bay by a n o r t h  
wind was o f f s e t  by  w a t e r  moving i n t o  t h e  Bay by  Ekman c i r c u l a t i o n  i n  t h e  
c o a s t a l  o c e a n ,  and c o n v e r s e l y .  H owever ,  t h e  e a s t - w e s t  wind p r o d u c e d  a 
combined e f f e c t  due t o  Ekman f l o w  —  a w e s t  wind drove  w a t e r  o u t  o f  t h e  
Bay and o f f s h o r e  and c o n v e r s e l y .  Wang a l s o  found t h a t  t h e  s u r f a c e  s l o p e  
i n  t h e  B a y  w as  c o h e r e n t  w i t h  t h e  l o n g i t u d i n a l  w i n d  i n  a m a n n e r  
c o n s i s t e n t  w i t h  t h e  wind  s e t u p  phenomenon.
Wang s t u d i e d  t h r e e  s t o r m  e v e n t s  t h a t  g e n e r a t e d  l a r g e  s e a  l e v e l  
c h a n g e s  ( s u r g e s )  d u r i n g  t h e  s t u d y  p e r i o d .  He p o s e d  t h e  h y p o t h e s i s  t h a t  
t h e  s u b t i d a l  f l u c t u a t i o n s  w e r e  t h e  m a j o r  c o n t r i b u t o r s  t o  t h e  s u r g e  
h e i g h t .  He s h o w e d  t h a t  o n e  c y c l o n i c  e v e n t ,  an e x t r a t r o p i c a l  s to r m ,  
d r o v e  t h e  Bay i n  a manner c o n s i s t e n t  w i t h  h i s  model  f o r  wind e f f e c t s  i n  
t h e  <4 d a y  and 4 - 1 0  d a y  r e g i m e s .  The  a r r i v a l  o f  t h e  s torm  b r o u g h t  
e a s t e r l y  w i n d s  w h i c h  w e r e  a c c o m p a n i e d  b y  a r i s e  i n  s e a  l e v e l  i n  
a c c o r d a n c e  w i t h  t h e  l o c a l  and c o u p l e d  mode.  As t h e  wind v e e r e d  t o  t h e  
s o u t h ,  h i g h e r  l e v e l s  app e ar e d  a t  t h e  head o f  t h e  Bay d r i v e n  by  t h e  l o c a l  
l o n g i t u d i n a l  w i n d .  The  p a s s a g e  o f  t h e  s tor m  was marked by  a s h i f t  t o  
w e s t e r l y  w in d s  w h i c h  d r o v e  w a t e r  o u t  o f  t h e  B ay  and o f f s h o r e .  S h o r t  
p e r i o d  c o m p o n e n t s ,  i . e . ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  o b s e r v e d  and  
s u b t i d a l  s e a  l e v e l s ,  were  p r i m a r i l y  t i d a l ,  and no c o r r e l a t i o n  w i t h  s torm
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f o r c i n g  w a s  a p p a r e n t .  Wang c o n c l u d e d  t h a t  t h e  s h o r t  p e r i o d  t i d a l  
r e s i d u a l s  added l i t t l e  t o  t h e  n o n - t i d a l  v a r i a t i o n  and  t h a t  s u r g e  f r o m  
e x t r a t r o p i c a l  s t o r m s  w a s  d u e  m a i n l y  t o  t h e  s u b t i d a l  c o m p o n e n t .  
C o n s e q u e n t l y ,  c o a s t a l  c o u p l i n g  i s  a l s o  an i m p o r t a n t  c o n t r i b u t o r  t o  s u r g e  
e l e v a t i o n s .  A summary o f  t h e  s u b t i d a l  s e a  l e v e l  o s c i l l a t i o n s  found by 
Wang, E l l i o t t ,  and S c h e f f n e r  i s  c o n t a i n e d  in  T a b le  1 .
F o c u s i n g  on  e x t r a t r o p i c a l  s torm  s u r g e s ,  Wang ( 1 9 7 9 b )  compared t h e  
b e h a v i o r  o f  t h e  December 1974  s to r m  examined i n  t h e  p r e v i o u s  s t u d y  w i t h  
a s t o r m  t h a t  o c c u r r e d  i n  A p r i l ,  1 9 7 5 .  The s u r g e  r e c o r d  o f  t h e  se c o n d  
s torm  d i f f e r e d  from t h a t  o f  t h e  f o r m e r  b u t  n e v e r t h e l e s s  c o n f o r m e d  t o  
Wang's r e s p o n s e  m o d e l .  The s u r g e  from t h e  A p r i l  s tor m  was d i s t i n g u i s h e d  
by a s m a l l  i n i t i a l  d e c r e a s e  i n  w a t e r  l e v e l  f o l l o w e d  by  a r e l a t i v e l y  
l a r g e r  i n c r e a s e  and  c o n c l u d e d  w i t h  a s h a r p  s e t d o w n .  The w i n d s t r e s s  
p a t t e r n  f o r  t h e  s to r m  began  w i t h  s o u t h  w in d s  w h ich  f i r s t  b a c k e d  t o  t h e  
e a s t  a n d  t h e n  v e e r e d  t o  t h e  w e s t  a n d  n o r t h ,  w i t h  t h e  s t r o n g e s t  w in d s  
coming o u t  o f  t h e  n o r t h w e s t .  P a s s a g e  o f  t h e  s to r m  was marked by s t r o n g  
n o r t h  w i n d s .  The l o c a l  n o r t h - s o u t h  wind component was h e l d  r e s p o n s i b l e  
f o r  t h e  l a r g e  s e a  l e v e l  f l u c t u a t i o n  i n  a c c o r d a n c e  w i t h  t h e  m o d e l ,  t h e r e  
b e i n g  n o  s i g n i f i c a n t  n o n - l o c a l  e f f e c t s .  Most n o t a b l y ,  t h e  v e r y  s t r o n g  
n o r t h  and n o r t h w e s t  w in d s  w e r e  t h e  c a u s e  o f  t h e  s h a r p  s e t d o w n  w h e r e i n  
w a t e r  w a s  d r i v e n  o u t  o f  t h e  Bay b y  t h e  n o r t h - s o u t h  c o m p o n e n t  and  
a d d i t i o n a l  o u t f l o w  r e s u l t e d  f r o m  Ekman c i r c u l a t i o n  g e n e r a t e d  by  t h e  
e a s t - w e s t  co m p o n e n t .
The r e s u l t s  o f  t h e  s t u d i e s  o f  Wang and  E l l i o t t  s h o w e d  t h a t  w i n d  
d r i v e n  f l o w  p r o d u c e s  w a t e r  t r a n s p o r t  e x c e e d i n g  t h a t  o f  r i v e r  i n f l o w  o v e r  
p e r i o d s  o f  3 t o  5 d a y s  and  c o n s e q u e n t l y  i s  t h e  d o m i n a n t  c a u s e  o f  
c i r c u l a t i o n  i n  t h e  Bay  on t h i s  t i m e  s c a l e .  T h i s  same m e c h a n i s m ,
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e n c o m p a s s i n g  b o t h  l o c a l  f o r c i n g  and  c o a s t a l  c o u p l i n g ,  i s  a l s o  t h e  
p r i m a r y  g e n e r a t o r  o f  s torm  s u r g e s .
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TABLE 1
SUMMARY OF SEA LEVEL OSCILLATIONS FOUND IN CHESAPEAKE BAY
Wang and E l l i o t t  ( 1 9 7 8 )
2 months  o f  o b s e r v a t i o n s  a t  4  s t a t i o n s
Period ( d a y s )  S ou r c e
2 . 5  S e i c h e  e x c i t e d  by l o c a l
l o n g i t u d i n a l  wind component
5 L o c a l  e a s t - w e s t  wind component
c o a s t a l  s e a  l e v e l  v a r i a t i o n s
20 C o a s t a l  s e a  l e v e l  v a r i a t i o n s
S c h e f f n e r  ( 1 9 7 8 )
1 y e a r  o f  o b s e r v a t i o n s  a t  4  s t a t i o n s
P e r i o d  ( d a y s )  S o u r c e
4 . 2  ( 1 0 0  h o u r s )  L o c a l  l o n g i t u d i n a l  wind
Wang ( 1 9 7 9 a )
1 y e a r  o f  o b s e r v a t i o n s  a t  5 s t a t i o n s
P e r i o d  ( d a y s )  S o u r c e
<4 L o c a l  l o n g i t u d i n a l  wind
4 - 1 0  L o c a l  e a s t - w e s t  wind component
and c o a s t a l  c o u p l i n g
>10 C o a s t a l  s e a  l e v e l  v a r i a t i o n s
a l s o :
2 - 3  S e i c h e
5 S u c c e s s i v e  c y c l o n e  p a s s a g e s
OBJECTIVES
The s t u d i e s  c o n d u c t e d  on t h e  C h esapeake  Bay d u r i n g  t h e  l a s t  t w e n t y  
y e a r s  h a v e  i d e n t i f i e d  and c h a r a c t e r i z e d  n o n - t i d a l  s e a  l e v e l  f l u c t u a t i o n s  
o v e r  t h e  l e n g t h  o f  t h e  B a y .  T h e s e  v a r i a t i o n s  a r e  c h a r a c t e r i z e d  by 
c o m p le x  o s c i l l a t i o n s  i n  t h e  l o n g i t u d i n a l  s l o p e  o f  s e a  l e v e l ,  d r i v e n  
p r i m a r i l y  by l o c a l  wind s t r e s s  and wind s t r e s s  in d u c e d  c o a s t a l  s e a  l e v e l  
c h a n g e s  a p p e a r i n g  a t  t h e  m o u t h  o f  t h e  B a y .  F u r t h e r ,  t h e  v a r i o u s  
p e r i o d i c  c o m p o n e n t s  o f  t h e  s e a  l e v e l  v a r i a b i l i t y  c an  be  a t t r i b u t e d  t o  
t h e  l o n g i t u d i n a l  and l a t e r a l  wind components  o f  b o t h  t h e  l o c a l  and f a r  
f i e l d s .  The  r e s u l t s  o f  t h e s e  s t u d i e s  h a v e  l e d  Wang ( 1 9 7 9 a )  t o  t h e  
f o r m u l a t i o n  o f  h i s  C h e s a p e a k e  Bay s e a  l e v e l  r e s p o n s e  m o d e l .  Wang  
e m p h a s i z e s  t h a t  a d d i t i o n a l  w o r k  m u s t  b e  done t o  f u l l y  u n d e r s t a n d  t h e  
c o u p l i n g  b e h a v i o r  b e t w e e n  t h e  Bay and c o a s t a l  w a t e r s .
A d d i t i o n a l l y ,  l i t t l e  i n f o r m a t i o n  h as  be e n  p u b l i s h e d  c o n c e r n i n g  s e a  
l e v e l  f l u c t u a t i o n s  a c r o s s  t h e  w i d t h  o f  t h e  B a y .  Two p h e n o m e n a  t h a t  
c o u l d  be r e s p o n s i b l e  f o r  c r o s s - b a y  w a t e r  l e v e l  f l u c t u a t i o n s  a r e  C o r i o l i s  
a c c e l e r a t i o n  and wind  s e t u p .
H i c k s  ( 1 9 6 4 )  o b s e r v e s  t h a t  t h e  t i d a l  r a n g e  i s  g r e a t e r  o n  t h e  
e a s t e r n  s i d e  o f  t h e  Bay th a n  on t h e  w e s t ,  a r e s u l t  t h a t  he  a t t r i b u t e s  t o  
t h e  C o r i o l i s  e f f e c t .  The C o r i o l i s  e f f e c t  and Ekman c i r c u l a t i o n  a r e  a l s o  
i m p o r t a n t  t o  W a n g ' s  m o d e l .  H o w e v e r ,  P o l i a k  ( 1 9 6 0 )  c i t e s  Ekman i n  
c o n t e n d i n g  t h a t  C o r i o l i s  a c c e l e r a t i o n  i s  n e g l i g i b l e  i n  s h a l l o w  w a t e r ,  
n a m e l y  t h e  C h e s a p e a k e  B a y ,  a n d  c l a i m s  t h a t  s e v e r a l  u n s p e c i f i e d
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r e f e r e n c e s  c o n f i r m  t h i s  p o s i t i o n  r e g a r d i n g  t h e  Bay .  M acm i l lan  ( 1 9 6 6 )  
p o s t u l a t e s  t h a t  a C o r i o l i s  e f f e c t  o c c u r s  i n  s h a l l o w  w a t e r  t h a t  i s  
r e d u c e d  by  b o t t o m  f r i c t i o n .  D y e r  ( 1 9 7 3 )  i n c l u d e s  t h e  e f f e c t  as  an 
i m p o r t a n t  f a c t o r  i n f l u e n c i n g  c i r c u l a t i o n  i n  e s t u a r i e s .  T h u s ,  t h e  r o l e  
o f  t h e  C o r i o l i s  e f f e c t  i n  e s t u a r i e s  i s  u n c e r t a i n  but  t h e  l a t e r  s t u d i e s  
p o i n t  t o  a p r o b a b l e  i n f l u e n c e  on c i r c u l a t i o n .
P o l i a k  a l s o  c l a i m s  t h a t  l a t e r a l  s e t u p  a c r o s s  t h e  Bay due t o  t h e  
e a s t - w e s t  wind component i s  n o t  s i g n i f i c a n t  b e c a u s e  t h e  f e t c h  i s  s m a l l .  
I n  t h e  u p p e r  r e a c h e s  o f  t h e  Bay  t h i s  c o n t e n t i o n  may be t r u e .  In t h e  
l o w e r  Bay ,  h o w e v e r ,  t h e  w i d t h  a p p r o a c h e s  25 n a u t i c a l  m i l e s  ( 4 6  km) and  
m e a s u r a b l e  s e t u p s  may o c c u r .
The h y p o t h e s i s  o f  t h i s  s t u d y  i s  t h a t  s i g n i f i c a n t  d i f f e r e n c e s  i n  
s u r g e  h e i g h t s  c a u s e d  by  l o c a l  wind s t r e s s  o c c u r  on o p p o s i t e  s h o r e s  o f  
t h e  l o w e r  Bay d u r i n g  e x t r a t r o p i c a l  s t o r m s .  I n  g e n e r a l ,  e x t r a t r o p i c a l  
s t o r m s  p a s s i n g  o v e r  t h e  e a s t e r n  s e a b o a r d  p r o d u c e  t h e  h i g h e s t  w in d s  ou t  
o f  t h e  n o r t h e a s t ,  h e n c e  t h e  common name ' n o r t h e a s t e r ' .  N o r t h e a s t  w i n d s  
w o u l d  b e  e x p e c t e d  t o  p r o d u c e  a h i g h e r  w a t e r  l e v e l  on t h e  w e s t e r n  s h o r e  
t h r o u g h  b o t h  wind s e t u p  and Ekman f l o w  p r o c e s s e s .  S p e c i f i c a l l y ,  t h e  
w e s t w a r d  d i r e c t e d  component o f  t h e  wind s t r e s s  would  p r od u c e  a s e t u p  t o  
t h e  w e s t  and t h e  s outhw ard  d i r e c t e d  component wou ld  g e n e r a t e  Ekman f l o w  
t o  t h e  w e s t .  The  p r i m a r y  o b j e c t i v e s  o f  t h i s  s t u d y ,  t h e r e f o r e ,  a r e  t o  
d e t e r m i n e  i f  a l a t e r a l  s e a  l e v e l  s l o p e  o c c u r s  a c r o s s  t h e  l o w e r  
C h e s a p e a k e  Bay and t o  d e t e r m i n e  t o  what  e x t e n t  o r t h o g o n a l  com p onents  o f  
t h e  l o c a l  wind s t r e s s  c o n t r o l  t h i s  c r o s s - b a y  s l o p e .
A s e c o n d a r y  o b j e c t i v e  w i l l  b e  t o  d e t e r m i n e  t h e  e x t e n t  t o  w h ich  
n o n - t i d a l  f l u c t u a t i o n s  o f  c r o s s - b a y  s e a  l e v e l  a r e  p e r i o d i c .  Wang w as  
a b l e  t o  c l a s s i f y  t h e  d r i v i n g  s o u r c e  o f  t h e  f l u c t u a t i o n s  h e  f o u n d
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a c c o r d i n g  t o  p e r i o d  o f  o s c i l l a t i o n .  I f  c r o s s - b a y  f l u c t u a t i o n s  h a v e  
p e r i o d i c  c o m p o n e n t s  a t  s u b t i d a l  f r e q u e n c i e s ,  a s i m i l a r  c l a s s i f i c a t i o n  
m ig h t  a l s o  be p o s s i b l e .
A f i n a l  o b j e c t i v e  i s  t o  d e t e r m i n e  i f  n o n - t i d a l  f l u c t u a t i o n s  on 
o p p o s i t e  s h o r e s  o f  t h e  l o w e r  Bay a r e  c o r r e l a t e d  w i t h  one  a n o t h e r .  Wang 
c o n c l u d e d  t h a t  t h e  t i d e  s t a t i o n  a t  K i p t o p e k e  Beach  c o u l d  be  r e g a r d e d  as  
a c o a s t a l  s t a t i o n  b e c a u s e  i t  was n e a r  t h e  mouth o f  t h e  B a y .  A s t a t i o n  
on t h e  w e s t e r n  s h o r e  o p p o s i t e  K ip t o p e k e  Beach i s  more i n t e r i o r  t o  t h e  
Bay and wou ld  b e  e x p e c t e d  t o  y i e l d  r e c o r d s  s i m i l a r  t o  t h o s e  o f  t h e  Bay  
s t a t i o n s  i n  t h e  p r e v i o u s  s t u d i e s .  T h e r e f o r e ,  i t  w ou ld  be u s e f u l  t o  know 
a t  what p e r i o d s  o r  und er  what c o n d i t i o n s  t h e  n o n - t i d a l  f l u c t u a t i o n s  on  
o p p o s i t e  s h o r e s  o f  t h e  Bay a r e  c o h e r e n t .
METHODS AND MATERIALS
The s t u d y  a r e a  i s  a l a t e r a l  s e c t i o n  o f  t h e  l o w e r  C h esapeake  Bay 
from t h e  m o u t h  o f  t h e  Y o r k  R i v e r  t o  K i p t o p e k e  B e a c h  o n  t h e  E a s t e r n  
S h o r e ,  n o r t h  o f  Cape C h a r l e s .  T h i s  s e c t i o n  runs  n e a r l y  e a s t - w e s t  a c r o s s  
t h e  B ay ,  w i t h  a f e t c h  o f  25 n .  m i .  ( 4 6 . 3  km) and  an a v e r a g e  d e p t h  o f  
2 8 . 4  f e e t  ( 8 . 7  m e t e r s )  a t  mean low w a t e r .  The s e c t i o n  was l o c a t e d  about  
15 m i l e s  ( 2 7 . 8  km) from t h e  m o u t h  o f  t h e  B a y ,  w h e r e  t h e  l o n g i t u d i n a l  
a x i s  o f  t h e  Bay t r e n d s  n o r t h - s o u t h  ( s e e  F i g u r e  3 ) .
The t im e  span o f  t h i s  s t u d y  i s  4  months from e a r l y  J a n u a r y  t o  t h e  
e n d  o f  A p r i l ,  1 9 7 8 .  T h i s  p e r i o d  i n c l u d e s  a s t r o n g  e x t r a t r o p i c a l  s to r m  
whose  c e n t e r  p a s s e d  s o u t h  o f  t h e  Bay on 2 6 - 2 7  A p r i l .  I n  a d d i t i o n ,  w i n d  
d a t a  f r o m  N o r f o l k  and  t i d e  d a t a  from G l o u c e s t e r  P o i n t  f o r  t h e  month o f  
O c t o b e r ,  1 9 8 2 ,  were  i n c l u d e d  b e c a u s e  a s e v e r e  e x t r a t r o p i c a l  s torm  s t r u c k  
t h e  a r e a  on t h e  2 4 t h .
Sea  L e v e l  Data
H o u r l y  m e a s u r e m e n t s  o f  s e a  s u r f a c e  h e i g h t s  w ere  o b t a i n e d  from two 
t i d e  g a u g i n g  s t a t i o n s :
1 )  G l o u c e s t e r  P o i n t  (GLPT) l o c a t e d  on a p i e r  a t  t h e  V a .  I n s t i t u t e  
o f  M a r i n e  S c i e n c e  (VIMS) on  t h e  n o r t h e r n  s h o r e  o f  t h e  York R i v e r  ( 3 7 °  
1 4 . 8 ' N ,  7 6 ° 3 0 . 0 ' W ) .  T h ese  d a t a  were  r e c o r d e d  on c o m p u t e r  p u n c h  c a r d s  
m a i n t a i n e d  a t  VIMS.
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2 )  K i p t o p e k e  Beach (KBCB) l o c a t e d  on an o l d  f e r r y  p i e r  t h a t  e x t e n d s  
d i r e c t l y  o u t  i n t o  t h e  B a y  ( 3 7 ° 1 0 . 0 ' N ,  7 5 ° 5 9 . 3 ' W ) .  T h e s e  d a t a  
w e r e  r e c o r d e d  on a d i g i t a l  c o m p u t e r  t a p e  o b t a i n e d  f r o m  t h e  
N a t i o n a l  Ocean S u r v e y  in  R o c k v i l l e ,  M ary land .
The d a t a  from b o t h  s t a t i o n s  were o r i g i n a l l y  r e c o r d e d  by  F i s c h e r  & P o r t e r
d i g i t a l  r e c o r d i n g  t i d e  g a u g e s  w h i c h  r e c o r d  w a t e r  l e v e l  a t  s i x  m in u t e
i n t e r v a l s  on a punched t a p e .  In  t h i s  t y p e  o f  g a u g e ,  w h ich  u s e s  a f l o a t
c o n n e c t e d  t o  t h e  m e a s u r i n g  a p p a r a t u s ,  s h o r t  p e r i o d  f l u c t u a t i o n s  a r e  
f i l t e r e d  o u t  b y  h o u s i n g  t h e  f l o a t  i n  a w e l l  p e r f o r a t e d  w i t h  s m a l l  
u n d e r w a t e r  o p e n i n g s .  The r e s t r i c t e d  o p e n i n g s  p r e v e n t  t h e  w a t e r  l e v e l  in  
t h e  w e l l  from r e s p o n d i n g  t o  r a p i d  c h a n g e s  i n  w a t e r  l e v e l  o u t s i d e  t h e  
h o u s i n g .  H o u r l y  h e i g h t s  w e r e  c o m p i l e d  from t h e  gauge  r e c o r d s  by  t h e  
N a t i o n a l  Ocean S u r v e y  by t a b u l a t i n g  t h e  r e c o r d e d  h e i g h t  n e a r e s t  e a c h  
h o u r .  No s m o o t h i n g  o r  p r o c e s s i n g  o f  t h e  d a t a  w as  p e r fo r m e d  a t  t h i s  
p o i n t .
Wind Data
Wind s p e e d  and d i r e c t i o n  d a t a  were  o b t a i n e d  f rom  t h r e e  r e c o r d i n g  
s t a t  i o n s :
1)  N o r f o l k  N a t i o n a l  W eath er  S e r v i c e  o f f i c e  a t  N o r f o l k  I n t e r n a t i o n a l  
A i r p o r t
2 )  VIMS w e a t h e r  s t a t i o n
3 )  W e a t h e r  s t a t i o n  m a i n t a i n e d  b y  VIMS a t  i t s  W a c h a p r e a g u e  
l a b o r a t o r y
A l l  o f  t h e  w i n d  v e c t o r  d a t a  w e r e  r e c o r d e d  a t  3 - h o u r l y  i n t e r v a l s  
b e g i n n i n g  a t  0 1 0 0  d a i l y .  The VIMS and W a c h a p r e a g u e  m e a s u r e m e n t s  w e r e  
t a b u l a t e d  on p u n c h e d  c a r d s  a r c h i v e d  a t  VIMS. The N o r f o l k  m easu r e m en ts  
were  e n t e r e d  from p u b l i s h e d  N a t i o n a l  W eath er  S e r v i c e  c o m p i l a t i o n s .  The
FIGURE 3 .
Map o f  Lower Chesapeake  Bay Showing  
Wind and T i d e  S t a t i o n s
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N o r f o l k  d a t a  were m easured  by  an E l e c t r i c  Speed F420C 3 - c u p  anemometer  
mounted 33 f e e t  (10  m e t e r s )  above  t h e  g r ound .  The t a b u l a t e d  v a l u e s  o f  
w i n d  s p e e d  from N o r f o l k ,  in  k n o t s ,  were a v e r a g e s  o f  o b s e r v e d  v e l o c i t i e s  
t a k e n  o v e r  o n e  m i n u t e .  The  d a t a  f r o m  VIMS and W a c h a p r e a g u e  w e r e  
v i s u a l l y  i n t e r p r e t e d  from c o n t i n u o u s l y  r e c o r d e d  pen  c h a r t s  and t a b u l a t e d  
i n  m i l e s  p e r  h o u r .
D ata  P r e p a r a t i o n  and A n a l y s i s  
In  o r d e r  t o  r e s o l v e  t h e  n o n - t i d a l  f l u c t u a t i o n s ,  t h e  a s t r o n o m i c a l  
t i d e  c o m p o n e n t s  h a d  t o  b e  r e m o v e d  f ro m  t h e  o b s e r v e d  r e c o r d .  Two 
a p p r o a c h e s  were  a v a i l a b l e :
1 )  l o w - p a s s  f i l t e r i n g  o f  t h e  o b s e r v e d  r e c o r d  t o  remove d i u r n a l  and 
s e m i d i u r n a l  c o n s t i t u e n t s .
2 )  p r e d i c t i o n  and s u b t r a c t i o n  o f  t h e  a s t r o n o m i c a l  t i d e  from t h e  
o b s e r v e d  r e c o r d .
The l a t t e r  approach  was c h o s e n  b e c a u s e  i t  p r e s e r v e d  h i g h - f r e q u e n c y  n o n -  
t i d a l  f l u c t u a t i o n s  w h i c h  w o u l d  h a v e  b e e n  e l i m i n a t e d  b y  a l o w - p a s s  
f i l t e r .  A l s o ,  a f i l t e r  d i s t o r t s  n o n - p e r i o d i c  components  o f  t h e  s i g n a l  
and may n o t  e n t i r e l y  r e m o v e  t h e  t i d a l  c o n s t i t u e n t s .  F i n a l l y  s h o r t  
d u r a t i o n  o s c i l l a t i o n s ,  such  as  s torm  s u r g e ,  ar e  a t t e n u a t e d  by  a l o w - p a s s  
f i l t e r  ( P a r k e r  and P e a r c e  1 9 7 5 ) .  The  r e l i a b i l i t y  o f  t h e  s u b t r a c t i o n  
a p p r o a c h ,  h o w e v e r ,  i s  l i m i t e d  b y  t h e  a c c u r a c y  w i t h  w h i c h  t h e  t i d a l  
c o n s t i t u e n t s  c a n  b e  p r e d i c t e d .  The m e t h o d  u s e d  i n  t h i s  s t u d y  f o r  
p r e d i c t i n g  t h e  a s t r o n o m i c a l  t i d e  i s  a l e a s t  s q u a r e s  t e c h n i q u e  f o r  
c a l c u l a t i n g  t h e  c o n s t i t u e n t  a m p l i t u d e s  A^ and o f  a h a r m o n i c  s e r i e s
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hit), t h a t  w i l l  be  f i t t e d  t o  t h e  o b s e r v e d  t i d a l  h e i g h t s ,  h^ :
k k
( 1 )
where  k = number o f  e ons  t  i t  n e s t  s ,  a .  = a n g u l a r  f r e q u e n c y  (d e g /m e an  s o l a r
X
h o u r ) ,  and Ho = ore an h e i g h t  o f  t h e  s e r i e s .
Upon  d e r i v i n g  t h e  a m p l i t u d e  c o e f f i c i e n t s  f o r  e a c h  c o n s t i t u e n t ,  t h e  
c o n s t i t u e n t  may be e x p r e s s e d  a s  a s i n u s o i d :
c a l c u l a t e d  a s :
h
h = h -  I h ( t )  (3)
1 z  ±=\ 1
The method h a s  b e e n  programmed i n  FORTRAN b y  Boon  and K i l e y  ( 1 9 7 8 )  a s  
program HAMELS and was run on a Pr ime 750 com p u te r .
R e d u c t i o n  o f  Wind Data  
S i n c e  o n e  o f  t h e  o b j e c t i v e s  was t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  t h e  
l o c a l  wind c o m p o n e n t s ,  t h e  r e c o r d e d  w i n d  v e c t o r s  w e r e  r e s o l v e d  i n t o  
o r t h o g o n a l  c o m p o n e n t s  i n  t h e  n o r t h - s o u t h  ( n s )  and e a s t —w e s t  ( ew )  
d i r e c t i o n s  and c o n v e r t e d  t o  u n i t s  o f  f e e t / s e c :
(2 )
2 2where  R. = A. + B.  , a .  = 3 6 0 / T . ,  T.  = i t h  c o n s t i t u e n t  p e r i o d ,  
1 1 1 1  l i
and  <f>. = a r c  t  an (B . / A . )  . A r e s i d u a l  ( n o n - t i d a l )  h e i g h t  c a n  t h e n  bei l l
V = V c o s  Az (4)ns
V = V s i n  Az (5)ew
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w h e r e  V = m a g n i t u d e  o f  t h e  wind v e c t o r  and Az = t r u e  az im uth  from w h ic h  
t h e  wind b l e w .  The component t im e  s e r i e s  were  s m o o t h e d  u s i n g  a t h r e e -  
p o i n t  m o v i n g  a v e r a g e  ( d e s c r i b e d  i n  B l o o m f i e l d  1 9 7 6 )  and  t h e n  w e r e  
p l o t t e d  such  t h a t  t h e  n o r t h  ( b l o w i n g  from t h e  n o r t h )  and e a s t  w in d s  were  
p o s i t i v e .  C r o ss  c o r r e l a t i o n s  b e t w e e n  t h e  r e s p e c t i v e  c om ponents  o f  each  
s t a t i o n  were  c a r r i e d  o u t  t o  a s c e r t a i n  w h e t h e r  o r  n o t  a s i n g l e  s t a t i o n  
w o u l d  b e  r e p r e s e n t a t i v e  o f  t h e  w in d s  i n  t h e  s t u d y  a r e a .  Based  upon t h e  
r e s u l t s  o f  t h i s  t e s t ,  i n  w h i c h  a l l  t h r e e  s t a t i o n s  w e r e  c o r r e l a t e d  a t  
l e v e l s  g r e a t e r  t h a n  0 . 7  ( T a b le  2 ) ,  and upon t h e  f a c t  t h a t  t h e  N o r f o l k  
r e c o r d s  were  t h e  m ost  c o m p l e t e ,  t h e  N o r f o l k  d a t a  w e r e  s i n g l e d  o u t  f o r  
u s e  i n  t h e  r e m a i n d e r  o f  t h e  s t u d y .
G r a p h i c a l  Comparison o f  Wind S t r e s s  and Water L e v e l  
D u r i n g  t h e  t i m e  t h i s  s t u d y  w a s  b e i n g  c o n d u c t e d ,  a s t r o n g  
n o r t h e a s t e r  p a s s e d  o v e r  t h e  B a y  on  O c t o b e r  2 4 - 2 6 ,  1 9 8 2 .  The  s u r g e  
c o m p o n e n t  f r o m  t h i s  s t o r m  e q u a l l e d  t h a t  o f  t h e  A p r i l  1 9 7 8  s t o r m ,  
h o w e v e r ,  f l o o d  l e v e l s  d i d  n o t  r e a c h  t h o s e  o f  t h e  e a r l i e r  s t o r m  b e c a u s e  
t h e  O c t o b e r  1 9 8 2  s t o r m  o c c u r r e d  d u r i n g  a neap t i d e  p e r i o d .  T i d e  d a t a  
from G l o u c e s t e r  P o i n t  and wind d a t a  from N o r f o l k  became a v a i l a b l e  e a r l y  
i n  1 9 8 3 ,  t h u s  a f f o r d i n g  t h e  o p p o r t u n i t y  t o  i n c l u d e  a n o t h e r  e x t r a t r o p i c a l  
s torm  f o r  s t u d y .  A l t h o u g h  d a t a  from KBCB were  n o t  a v a i l a b l e  f o r  u s e  i n  
e x a m in in g  c r o s s - b a y  e f f e c t s ,  t h e  GLPT and N o r f o l k  d a t a  were  p r o c e s s e d  as  
d e s c r i b e d  p r e v i o u s l y .  I n  a d d i t i o n ,  t h e  r e s i d u a l  s e a  l e v e l  h e i g h t s ,
9
h^ , were  compared t o  t h e  w in d s  from t h e  N o r f o l k  s t a t i o n  by  p l o t t i n g  t h e  
r e s i d u a l  h e i g h t  t im e  s e r i e s  on t h e  same t im e  a x i s  w i t h  t h e  n o r t h —s o u t h  
and e a s t - w e s t  components  o f  t h e  sq u a r e d  wind v e c t o r s .
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TABLE 2
CROSS CORRELATION COEFFICIENTS OF WIND COMPONENTS FROM 
NORFOLK, VIMS, AND WACHAPREAGUE
N o r f o l k
VIMS
N o r f o l k
VIMS
N o r th  -  S ou th  Component
VIMS Wachapreague
0 . 7 6 5 6 2 7 0 . 8 0 9 7 6 6
0 . 7 5 2 6 4 4
E a s t  -  West  Component
VIMS Wachapreague
0 . 7 4 9 4 7 4 0 . 7 1 6 2 7 0
0 . 7 0 7 0 5 9
P e a r s o n  Product -M om ent  C o r r e l a t i o n  C o e f f i c i e n t
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T e s t  o f  S e t u p  E q u a t i o n  
The r e s u l t s  o f  t h e  w i n d  s t r e s s  -  w a t e r  l e v e l  c o m p a r i s o n  s t u d y  
s u g g e s t e d  t h a t  a t e s t  o f  a r e l a t i o n s h i p  f o r  s e a  l e v e l  s e t u p  a s  a 
f u n c t i o n  o f  w i n d  s t r e s s  m i g h t  b e  i n f o r m a t i v e .  The  o b j e c t i v e  was t o  
d e t e r m i n e  how w e l l  t h e  o b s e r v e d  s e a  l e v e l  s l o p e  c o u l d  be  r e l a t e d  t o  t h e  
l o c a l  e a s t —w e s t  w i n d  a c t i n g  o v e r  t h e  f e t c h  o f  t h e  c r o s s  s e c t i o n .  The 
e q u a t i o n  t h a t  was s e l e c t e d  i s  E k m a n ' s  e q u a t i o n  f o r  a s t a t i o n a r y  s e a  
l e v e l  s l o p e  g e n e r a t e d  i n  an e n c l o s e d  s e a  (Neumann and P e a r s o n ,  1 9 6 6 ) :
h = - (6 )s  gp d w
where  X -  Ekman d e p t h  c o e f f i c i e n t  
x = w ind s t r e s s  
F = f e t c h  
d = d e p t h
g = g r a v i t a t i o n a l  a c c e l e r a t i o n
p = w a t e r  d e n s i t y  w
The wind s t r e s s ,  x, i s  e x p r e s s e d  a s :
t = p k V2 (7)a
w h e r e  p = a i r  d e n s i t y ,  k = s h e a r  s t r e s s  c o e f f i c i e n t ,  and V -  wind  a
v e l o c i t y .
Two v a l u e s  o f  t h e  s h e a r  s t r e s s  c o e f f i c i e n t  were  u s e d .  The l o w e r  
v a l u e  o f  0 . 0 0 2 1  was d e r i v e d  b y  P o l i a k  ( 1 9 6 0 )  d u r i n g  h i s  s t u d y  o f  t h e  
l o n g i t u d i n a l  s l o p e  i n  t h e  C h e s a p e a k e  B a y .  The h i g h e r  v a l u e  o f  k was
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0 . 0 0 2 5  u s e d  by Wang ( 1 9 7 9 a )  i n  h i s  s t n d i e s .  The s e l e c t e d  v a l n e s  o f  k 
a p p e a r  t o  b e  h i g h  when  c o m p a r e d  t o  t h e  r e s u l t s  o f  s e v e r a l  s t u d i e s  o f  
s h e a r  s t r e s s  o v e r  w a t e r  s u r f a c e s .  Amorocho and D e V r ie s  ( 1 9 8 0 )  p r o p o s e d  
an e m p i r i c a l l y  d e r i v e d  f u n c t i o n  f o r  k v e r s u s  wind v e l o c i t i e s  m easured  a t  
a s t a n d a r d  h e i g h t  o f  33 f e e t  ( 1 0  m e t e r s )  a b o v e  g r o u n d .  The  f u n c t i o n  
a p p r o a c h e s  a s t e p  f u n c t i o n  w i t h  & sharp  r i s e  in k from 0 . 0 0 1 0 4  in  a wind  
s p e e d  r e g i m e  a s s o c i a t e d  w i t h  l o w  s u r f a c e  r o u g h n e s s  t o  a maximum o f  
0 . 0 0 2 5 4  a t  wind s p e e d s  t h a t  p r o d u c e  s a t u r a t i o n  o f  t h e  s e a  s u r f a c e  w i t h  
b r e a k i n g  w a v e s .  B a s e d  upon  a r e v i e w  b y  S m i t h  ( 1 9 8 1 ) ,  A m o r o c h o  and  
D e V r i e s  (1 9 8 1 )  r e v i s e d  t h e i r  up p er  l i m i t  f o r  k downward t o  0 . 0 0 2 2 5 .
Hsu ( 1 9 7 4 )  p r o p o s e d  a l o g a r i t h m i c  r e l a t i o n s h i p  f o r  d e t e r m i n i n g  
s h e a r  v e l o c i t y  a t  t h e  s e a  s u r f a c e  from wind v e l o c i t i e s  m easured  a t  an 
a r b i t r a r y  h e i g h t ,  Z. That  i s ,  f o r  a g i v e n  h e i g h t ,  Z ,  a s h e a r  s t r e s s  
c o e f f i c i e n t ,  k ( Z ) ,  a p p r o p r i a t e  f o r  h e i g h t  Z i s  d e t e r m i n e d .  k (Z )  v a r i e s  
i n v e r s e l y  w i t h  t h e  l o g a r i t h m  o f  Z. U s i n g  d a t a  c o l l e c t e d  f ro m  e a r l i e r  
i n v e s t i g a t i o n s  he computed an a v e r a g e  k o f  0 . 0 0 2 1  a t  Z = 2 m e t e r s .
P o l i a k ' s  w ind  d a t a  came f ro m  t h r e e  s t a t i o n s ,  N o r f o l k ,  P a t u x e n t  
N a v a l  A i r  S t a t i o n ,  and B a l t i m o r e .  At t h e  t i m e  o f  h i s  s t u d y ,  t h e  
anemometers  were mounted a t  h e i g h t s  r a n g i n g  f rom  55 t o  1 3 3  f e e t  a b o v e  
t h e  g r o u n d .  W a n g ' s d a t a  came f r o m  N o r f o l k  and P a t u x e n t .  T h u s ,  t h e  
v a l u e s  o f  k c h o s e n  f o r  t h e  s e t u p  t e s t  a r e  h i g h  w i t h  r e s p e c t  t o  
anemometer h e i g h t  and wind v e l o c i t i e s ,  and t h e  r e s u l t i n g  p r e d i c t e d  s e t u p  
h e i g h t s  w i l l  be  h i g h e r  than  t h o s e  p r e d i c t e d  u s i n g  v a l u e s  o f  k i n d i c a t e d  
by Hsu ox by  Amorocho and D e V r i e s .
The Ekman d e p t h  c o e f f i c i e n t  X, r a n g e s  f rom  1 . 0  f o r  d e p t h s  much  
g r e a t e r  th an  t h e  Ekman d e p th  t o  1 . 5  f o r  s h a l l o w  w a t e r  where  t h e  C o r i o l i s  
e f f e c t  i s  s m a l l .  T h e r e f o r e ,  X = 1 . 5  w as  s e l e c t e d  f o r  t h e  t e s t .  The
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c h o i c e  o f  v a l u e  f o r  t h i s  c o e f f i c i e n t  w i l l  have  c o n s i d e r a b l e  e f f e c t  on
t h e  p r e d i c t e d  s e t u p .  The h i g h e r  v a l u e  h a s  b e e n  s e l e c t e d ,  a l o n g  w i t h
h i g h  v a l u e s  o f  k ,  t o  y i e l d  maximum p r e d i c t e d  v a l u e s .
An a v e r a g e  d e p t h  o f  2 8 . 4 5  f t  ( 8 . 7  m e t e r s )  and f e t c h  o f  1 5 2 , 0 0 0  f t
( 4 6 . 3  km) were  t a k e n  from C r on in  ( 1 9 7 1 ) .  The d e n s i t i e s  o f  a i r  and w a t e r
were  h e l d  c o n s t a n t  a t  0 . 0 7 6 3  l b ® / c u b i c  f o o t  ( 1 . 2 2  k g / c u b i c  m e t e r )  and
6 3 . 1  l b m / c u b i c  f o o t  ( 1 0 1 1 . 0  k g / c u b i c  m e t e r ) ,  r e s p e c t i v e l y .  G r a v i t a t i o n a l
2 2a c c e l e r a t i o n  was s e t  e q u a l  t o  3 2 . 2  f e e t / s e c  ( 9 . 8  m / s e c  ) .  E q u a t i o n s  
( 6 )  and (7 )  were  combined t o  o b t a i n  t h e  q u a d r a t i c  e x p r e s s i o n
h = CkV2 = ( 0 . 3 0 0 9 4 8 2 )  kV2 s
T he  v a l u e s  o f  V2 w e r e  m e a n s  o f  t h e  
v e l o c i t y  v e c t o r s  o f  h i g h  wind e v e n t s  
Two c l a s s e s  o f  h i g h  w i n d  e p i s o d e s  
e a s t - w e s t  wind v e l o c i t i e s  e x c e e d e d  
t h a n  3 0 . 0  f p s  ( 9 . 1 4  m / s e c ) ,  and 
e x c e e d e d  3 0 . 0  f p s .  For  c l a s s  1 ,  
t h e  s q u a r e d  v e l o c i t y  v e c t o r s  
1 5 . 0  f p s  w a s  c o m p u t e d  
c o m p o n e n t s  o f  t h e
v e l o c i t i e s  e x c e e d e d
*
mean v a l u e s  f o r  V" 
p l o t t e d  as  s c a t t e r  
a s s o c i a t e d  w i t h  t h e  
s u b j e c t e d  t o  a c h i - s q u a r e  
approach  f o r  t h e  c h i - s q u a r e
( 8 )
e a s t - w e s t  component o f  t h e  sq u a r e d  
computed in  t h e  f o l l o w i n g  m a n n e r ,  
w e r e  d e f i n e d :  c l a s s  1 where  peak
f p s  ( 4 . 5 7  m / s e c )  b u t  w e r e  l e s s  
p eak  e a s t - w e s t  v e l o c i t i e s  
e a s t - w e s t  c om ponents  o f  
v e l o c i t i e s  e x c e e d e d  
o f  t h e  e a s t - w e s t  
w h e r e  t h e  e a s t - w e s t  
s u b s t i t u t i n g  t h e s e  
o b t a i n e d  and 
o f  s e t u p  
e x e r c i s e  were  
s e t u p .  The
1 5 . 0  
c l a s s  2 where  
t h e  mean o f  t h e  
w h e r e  t h e  e a s t - w e s t  
F o r  c l a s s  2 ,  t h e  m e a n  
s q u a r e d  v e l o c i t y  v e c t o r s  
3 0 . 0  f p s  w as  c o m p u t e d .  A f t e r  
i n  e q u a t i o n  ( 8 ) ,  p r e d i c t e d  s e t u p s  were  
d ia g r a m s  a g a i n s t  t h e  o b s e r v e d  maximum v a l u e  
h i g h  wind e v e n t s .  The r e s u l t s  o f  t h i s
t e s t  o f  a c c u r a c y  f o r  p r e d i c t i n g  
t e s t  i s  p r e s e n t e d  by F r e e s e  ( 1 9 6 0 ) .
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S p e c t r a l  A n a l y s i s  
F r e q u e n c y  domain a n a l y s i s  was u n d e r t a k e n  t o  d e t e r m i n e :
1)  f r e q u e n c y  c o m p o s i t i o n  o f  t h e  t im e  s e r i e s
2)  c o h e r e n c e  o f  any o f  t h e  components
3)  p h a s e  r e l a t i o n s h i p s  o f  c o h e r e n t  f r e q u e n c i e s
C r o s s  s p e c t r a l  a n a l y s i s  was p e r fo r m e d  on t h e  wind s t r e s s  c o m p o n e n ts ,  on 
t h e  s e a  l e v e l  r e s i d u a l s ,  b e t w e e n  t h e  w i n d  s t r e s s  c o m p o n e n t s  a n d  
r e s i d u a l s ,  and b e t w e e n  t h e  wind  s t r e s s  and s e t u p  ( s e e  Appendix  D ) .
The c o m p u t a t i o n s  were c a r r i e d  o u t  b y  a d i g i t a l  c o m p u t e r  p r o g r a m  
w r i t t e n  i n  FORTRAN IV by E. J .  F e e  ( 1 9 6 9 ) .  The a n a l y s i s  a l l o w s  one t o  
r e p r e s e n t  t h e  o b s e r v e d  d a t a  w i t h  a F o u r i e r  s e r i e s  model  o f  t h e  form:
h ( t )  = a / 2  + E (a, c o s  2 n f .  t  + b. s i n  2xr f .  t )  (9 )o . k k k kk
where  f^  = k f l  = k /  T k = 1 ,  2 ,  3 ,  . . .
f l  = f u n d a m e n ta l  f r e q u e n c y
T = f u n d a m e n ta l  p e r i o d
a, , b. = F o u r i e r  c o e f f i c i e n t s  k k
For  a t im e  s e r i e s  r e c o r d ,  T i s  t h e  l e n g t h  o f  t h e  r e c o r d .  That  i s ,  g i v e n
N d i s c r e t e  v a l u e s  o b t a i n e d  u s i n g  a sample i n t e r v a l  A t ,  T = N A t .  The
F o u r i e r  c o e f f i c i e n t s ,  a. and b. ar e  c a l c u l a t e d  ask k
a = h ( t )  c o s  ( 2 n f ,  t )  d t  (10 )k T o k
b, = / T h ( t )  s i n  ( 2 n f , t )  d t  ( 1 1 )k 1 o k
a = / T h ( t )  d t  = ii. ( 12 )o T o h
where  = mean v a l u e  o f  t h e  s e r i e s  h ( t )  (Bendat  and P i e r s o l  1 9 8 0 ,  W y l ie  
1 9 6 6 ) .
The f i r s t  s t e p  i n  t h e  s p e c t r a l  a n a l y s i s  i n v o l v e s  t h e  d e t e r m i n a t i o n
o f  t h e s e  c o e f f i c i e n t s .  For  a d i s c r e t e  t im e  s e r i e s ,  t h e  c o e f f i c i e n t s  ar e
found by s u b s t i t n t i n g  sum mations  f o r  t h e  i n t e g r a t i o n  s i g n s  and summing
o v e r  t h e  i n t e r v a l  1 t o  N.  T h i s  p r o c e d u r e  i s  v e r y  t i m e - c o n s u m i n g  on a
2
d i g i t a l  c o m p u te r ,  r e q u i r i n g  a p p r o x i m a t e l y  N m u l t i p l y - a d d  o p e r a t i o n s .  
M o r e  e f f i c i e n t  a l g o r i t h m s  h a v e  b e e n  d e v e l o p e d  f o r  d e r i v i n g  t h e  
c o e f f i c i e n t s .  T h e s e  ar e  c a l l e d  F a s t  F o u r i e r  T r a n s f o r m s  (FFT) and i n  
p a r t i c u l a r ,  t h e  C o o l e y - T u k e y  FFT i s  e s p e c i a l l y  s u i t e d  f o r  d i g i t a l  
c o m p u te r s  ( s e e  B end at  & F i e r s o l  1 9 7 1 ,  C o c h r a n  et &1 . 1 9 6 7 )  and  i s  t h e  
o n e  u s e d  b y  F e e  i n  h i s  p r o g r a m ,  e n t i t l e d  SPECTRAL. T h i s  program was 
c o n v e r t e d  t o  FORTRAN 77 f o r  e x e c u t i o n  on a Prime 750  c o m p u te r .  SPECTRAL 
p e r f o r m s  t h e  f o l l o w i n g  o p e r a t i o n s :
1)  rem oves  t h e  t r e n d  from t h e  t im e  s e r i e s  by l e a s t  s q u a r e s  f i t t i n g  o f  a 
s t r a i g h t  l i n e  and t h e n  s u b t r a c t i o n  t o  o b t a i n  t h e  r e s i d u a l .
2 )  appends  z e r o s  t o  t h e  t i m e  s e r i e s  u n t i l  t h e  s a m p l e  s i z e ,  N,  i s  an  
e x a c t  power o f  2 .
3)  F o u r i e r  t r a n s f o r m s  t h e  s e r i e s  t o  o b t a i n  t h e  F o u r i e r  c o e f f i c i e n t s  i n  
t h e  com ple x  form: a^ + ib^  k = 0 ,  1 ,  . . . ,  N. T h e s e  c o e f f i c i e n t s  a r e  
f o r  an a l t e r n a t e  e x p r e s s i o n  o f  t h e  F o u r i e r  s e r i e s  u s i n g  c o m p l e x  
n o t a t  i o n :
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a 1 t a. -v \ 1 rT - 2 n i f . t  .
\  ~ r  u k + * V  = _f “ / o h ( t >  e k d t
4)  I f  c r o s s - s p e c t r a l  a n a l y s i s  i s  b e i n g  d o n e ,  a s e t  o f  c o e f f i c i e n t s ,  
and b ^  f ° r t*1® s e c o n d  t im e  s e r i e s  i s  o b t a i n e d .
5) The  raw s p e c t r a l  e s t i m a t e s ,  G ( f ) ,  o f  e ac h  s e r i e s  are  computed f o r  
e a c h  b a n d w id th  i n  a s e q u e n c e  o f  b a n d w i d t h s  b y  s q u a r i n g  and summing  
t h e  r e a l  a n d  i m a g i n a r y  c o e f f i c i e n t s  o f  e v e r y  h a r m o n i c  i n  e a c h  
b a n d w id th  and n o r m a l i z i n g  by  t h e  number o f  h a r m o n ic s  in  t h e  band:
f 2 (a 2 + b 2 )
G ( f )  = E — f   -  ( 1 4 )
where  f^ = f i r s t  f r e q u e n c y  in  t h e  band  
f ' 2  = l a s t  f r e q u e n c y  i n  t h e  band  
n — number o f  f r e q u e n c i e s  in  the band
6)  The c o s p e c t r u m  and quad spectrum  a r e  computed:
f 2
C1 2 <f)  = Z U l k a2k + b l k b 2 k ) / n  ( 1 5 )k = £ i
Q1 2 ( f )  -  * <« lkb 2k " a2k12 k > / " (16 )
k = f l
7) G ^ ( f ) ,  G ^ ( f ) ,  ^ 1 2 ^ ^  a r e  t i^ e n  smoothed by t h e  Hanning
m e th o d ,  w h ic h  i s  a 3 - p o i n t  w e i g h t e d  moving a v e r a g e .
G ( f )  = 0 . 2 5 G ( f - l )  + 0 . 5 G ( f ) + 0 . 2 5 G ( f + l )  ( 1 7 )
2 < f  < m-1
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G ( 1 )  = 0 . 5 G ( 1 )  + 0 . 5G(2)  (18)
G (m) = 0 . 5G(m—1) + 0 .5G(m) (19 )
where  m ~ number o f  b a n d w i d t h s
8)  The c r o s s  s p e c tr u m  i s  e x p r e s s e d  a s :
G12(f) = C12(f) " iQ12(f) (20)
o r ,  f o r  c o m p u t a t i o n a l  p u r p o s e s :
18 <f)
G1 2 ( f )  = |G1 2 C f ) | e  X (21)
- 1  I ° 1 2 ( f )
. n d  01 2 ( f )  " TAN ( - c - ( j r '  <23)
9) The c o h e r e n c e  s q u a r e d  i s  computed from t h e  raw e s t i m a t e s  a s :
. Ci 2 ( f ) 2  + Q1 2 ( £ ) 2
r  ( f )  G2 ( f ) ~ G 2 ( f )  <24)
RESULTS
Harmonic A n a l y s i s  o f  T i d e  Data
The r e s n l t s  o f  t h e  harm onic  a n a l y s i s  ar e  p r e s e n t e d  i n  T a b l e s  3 and  
4 and  p l o t t e d  i n  A p p e n d i x  A .  V i s u a l  i n s p e c t i o n  o f  t h e  t im e  s e r i e s  o f  
t h e  o b s e r v e d  t i d a l  h e i g h t s  f r o m  b o t h  s t a t i o n s  r e v e a l e d  o b v i o u s  
d e p a r t u r e s  from normal  t i d a l  o s c i l l a t i o n s .  The o b s e r v e d  r e c o r d s  had t h e  
a p p e a r a n c e  o f  l o n g  p e r i o d  f l u c t u a t i o n s  ( 4 - 1 0  d a y s )  u p o n  w h i c h  w a s  
s u p e r i m p o s e d  t h e  g e n e r a l l y  h i g h e r  a m p l i t u d e ,  s h o r t e r  p e r i o d  t i d a l  
o s c i l l a t i o n .  S i g n i f i c a n t  l o n g  p e r i o d  v a r i a t i o n s  o c c u r  t h r o u g h o u t  t h e  
r e c o r d .  S e p a r a t e  p l o t s  o f  t h e  r e s i d u a l  h e i g h t  t im e  s e r i e s  show n o t  o n l y  
t h e  l o n g  p e r i o d  v a r i a t i o n  b u t  a l s o  s h o r t  p e r i o d  o s c i l l a t i o n s  (< 1  d a y ) .  
The r e c o r d s  o f  J a n u a r y  and A p r i l ,  1 9 7 8 ,  a r e  d i s t i n g u i s h e d  b y  l a r g e  s torm  
s u r g e s  g e n e r a t e d  b y  e x t r a t r o p i c a l  s to r m s  which  are  d e s c r i b e d  b e l o w .  The 
n o n - t i d a l  f l u c t u a t i o n  i s  a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  o v e r a l l  
v a r i a b i l i t y  o v e r  t h e  m a j o r i t y  o f  t h e  l e n g t h  o f  t h e  r e c o r d .  T h e  
t a b u l a t i o n s  o f  t h e  h a r m o n i c  a n a l y s i s  d a t a  o u t p u t  from program HAMELS 
s u p p o r t  t h e s e  v i s u a l  i n t e r p r e t a t i o n s .  T h e  t a b l e s  s u m m a r i z e  t h e  
c o n s t i t u e n t  p a r a m e t e r s  r e s u l t i n g  from th e  l e a s t  s q u a r e s  f i t .  For  each  
c o n s t i t u e n t  t h e  f o l l o w i n g  are  l i s t e d :
1)  c o n s t i t u e n t  n o m e n c l a t u r e  i n c l u d i n g  NOS number and i d e n t i f y i n g  
c o d e
2)  sp e e d  i n  d e g r e e s / m e a n  s o l a r  hour  (MSH)
3)  a m p l i t u d e  (H) in  f e e t
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4)  p h a s e  a n g l e ,  K, w i t h  r e s p e c t  t o  t h e  l o c a l  e q u i l i b r i u m  p h a s e ,  in  
d e g r e e s
5)  p h a s e  a n g l e ,  K T, a d j u s t e d  t o  G reenw ich  e q u i l i b r i u m  p h a s e
6) p e r c e n t  o f  t o t a l  sum o f  s q u a r e s  a c c o u n t e d  f o r  b y  t h e  
c o n s t i t u e n t .
A d d i t i o n a l  i n f o r m a t i o n  t a b u l a t e d  i n c l u d e s :
1)  s e r i e s  mean s e a  l e v e l
2 )  s l o p e  o f  t h e  l i n e a r  t r e n d
3) t h e  t o t a l  sums o f  s q u a r e s  (TSS)
4)  t h e  RMS v a l u e  o f  t h e  r e s i d u a l
5) sum o f  c o n s t i t u e n t  p e r c e n t  sums o f  s q u a r e s
The f i t  o f  t h e  harm onic  s e r i e s  f o r  t h e  G l o u c e s t e r  P o i n t  s t a t i o n  
(GLPT) a c c o u n t e d  f o r  62% o f  t h e  t o t a l  v a r i a n c e  —  t h a t  i s ,  n o n - t i d a l  
f l u c t u a t i o n s  c o m p r i s e d  38% o f  t h e  o b s e r v e d  t i d e .  At K i p t o p e k e  Beach  71% 
o f  t h e  v a r i a n c e  was a c c o u n t e d  f o r  by  t h e  p r e d i c t e d  a s t r o n o m i c a l  t i d e .
A c c o r d i n g  t o  Wang, t h e  f a i r l y  r e g u l a r  d e p a r t u r e s  o f  t h e  o b s e r v e d  
t i d e  f r o m  t h e  p r e d i c t e d  t i d e  s h o u l d  b e  s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  
v a r i o u s  f l u c t u a t i o n s  o f  t h e  wind c o m p o n e n t s .  The l a r g e r  d e p a r t u r e s  do  
c o i n c i d e  i n  t im e  w i t h  major  s torm  e v e n t s  d e s c r i b e d  i n  T a b l e  5 ( N a t i o n a l  
O c e a n i c  and A t m o s p h e r i c  A d m i n i s t r a t i o n  1978a  and 1 9 7 8 b ) .  Not a l l  o f  t h e  
f l u c t u a t i o n s  a r e  a s s o c i a t e d  w i t h  t h e  l i s t e d  s t o r m s .  However,  s u b s e q u e n t  
a n a l y s i s  showed a t  l e a s t  a v i s u a l  a s s o c i a t i o n  w i t h  t h e  w in d .
The l a t e r a l  s e t u p  ( A p p e n d i x  B ) , computed b y  s u b t r a c t i n g  t h e  KBCB 
r e s i d u a l  f r o m  t h e  GLPT r e s i d u a l  ( b o t h  i n  A p p e n d i x  A ) ,  d i s p l a y e d  
p r i m a r i l y  h i g h  f r e q u e n c y ,  l o w  a m p l i t u d e  ( < 0 . 5  f o o t  ( 0 . 1 5  m e t e r ) )  
f l u c t u a t i o n s .  However ,  l a r g e r  s h o r t  term f l u c t u a t i o n s  o f  a f o o t  ( 0 . 3 1  
m e t e r )  o r  m ore  o c c u r r e d  t h a t  c o i n c i d e d  w i t h  a l l  o f  t h e  l i s t e d  s torm
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TABLE 3
HARMONIC ANALYSIS RESULTS FOR GLOUCESTER POINT 
HAMELS- HARMONIC ANALYSIS METHOD OF LEAST SQUARES
STATION GLPT 3 7 1 4 . 8  7 6 3 0 . 0  75W YEAR 1978  
114 DAY SERIES STARTING 1 - 5  0 . 0  HRS
2737 OBSERVATIONS
NOS NO . CONST . SPEED H KAPPA XPRIMB % TSS
1 M2 2 8 . 9 8 4 1 1 . 1 5 2 2 6 0 . 0 6 2 6 8 . 1 5 6 . 6 9
2 S2 3 0 . 0 0 0 0 0 . 2 1 7 2 8 5 . 6 1 2 8 8 . 6 1 . 8 7
3 N2 2 8 . 4 3 9 7 0 . 2 1 2 2 4 3 . 6 2 2 5 4 . 4 1 . 9 2
4 K1 1 5 . 0 4 1 1 0 . 1 4 2 1 3 2 . 6 5 1 3 3 . 9 0 . 6 2
5 M4 5 7 . 9 6 8 2 0 . 0 2 2 1 2 2 . 5 7 1 3 8 . 7 0 . 0 2
6 01 1 3 . 9 4 3 0 0 . 1 3 7 1 4 1 . 6 3 1 4 8 . 4 0 . 4 9
7 M6 8 6 . 9 5 2 3 0 . 0 1 1 3 2 3 . 0 5 3 4 7 . 3 0 . 0 1
9 S4 6 0 . 0 0 0 0 0 . 0 2 2 1 0 6 . 0 0 1 1 2 . 0 0 . 0 2
12 S6 9 0 . 0 0 0 0 0 . 0 0 5 2 7 4 . 1 9 2 8 3 . 2 0 . 0 0
36 M8 1 1 5 . 9 3 6 4 0 . 0 0 3 2 7 5 . 1 4 3 0 7 . 5 0 . 0 0
11 NF2 2 8 . 5 1 2 6 0 . 0 4 4 2 4 8 . 2 1 2 5 8 . 6 0 . 0 8
13 MU2 2 7 . 9 * 8 2 0 . 0 2 8 2 3 4 . 5 2 2 4 7 . 7 0 . 0 3
14 2N2 2 7 , 8 9 5 4 0 . 0 3 0 2 3 2 . 6 8 2 4 6 . 2 0 . 0 4
15 0 0 1 1 6 . 1 3 9 1 0 . 0 0 6 1 2 3 . 6 7 1 1 9 . 5 0 . 0 0
16 LAM 2 2 9 . 4 5 5 6 0 . 0 0 8 2 7 1 . 9 2 2 7 7 . 6 0 . 0 0
18 Ml 1 4 . 4 9 6 7 0 . 0 1 0 1 3 7 . 1 4 1 4 1 . 2 0 . 0 0
19 J1 1 5 . 5 8 5 4 0 . 0 1 1 1 2 8 . 2 0 1 2 6 . 8 0 . 0 0
25 RH01 1 3 . 4 7 1 5 0 . 0 0 5 1 4 5 . 4 9 1 5 4 . 6 0 . 0 0
26 Q1 1 3 . 3 9 8 7 0 . 0 2 7 1 4 6 . 0 9 1 5 5 . 6 0 . 0 2
27 T2 2 9 . 9 5 8 9 0 . 0 1 3 2 8 4 . 5 8 2 8 7 . 8 0 . 0 1
28 R2 3 0 . 0 4 1 1 0 . 0 0 2 2 8 6 . 6 3 2 8 9 . 4 0 . 0 0
29 2Q1 1 2 . 8 5 4 3 0 . 0 0 4 1 5 0 . 5 4 1 6 2 . 8 0 . 0 0
30 P I 1 4 . 9 5 8 9 0 . 0 4 7 1 3 3 . 3 3 1 3 5 . 0 0 . 0 9
33 L2 2 9 . 5 2 8 5 0 . 0 3 2 2 7 3 . 7 5 2 7 9 . 1 0 . 0 6
35 K2 3 0 . 0 8 2 1 0 . 0 5 9 2 8 7 . 6 7 2 9 0 . 3 0 . 0 8
SERIES MSL = 2 . 7 1  SLOPE = 0 . 000303 6 2 . 0 6
TSS = 3449*4
RESIDUAL RMS -  0 . 6 7 9 2
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TABLE 4
HARMONIC ANALYSIS RESULTS FOR KIPTOPEKE BEACH
HAMELS- HARMONIC ANALYSIS METHOD OF LEAST SQUARES
STATION KBCB 3 7 1 0 . 0  7 5 5 9 . 3  75W YEAR 1978  
114 DAY SERIES STARTING 1 - 5  0 . 0  HRS
2737  OBSERVATIONS
i NO. CONST. SPEED H KAPPA KPRIME % TSS
1 M2 2 8 . 9 8 4 1 1 . 2 6 9 2 4 2 . 2 0 2 4 9 . 3 6 3 . 6 9
2 S2 3 0 . 0 0 0 0 0 . 2 3 8 2 6 4 . 3 6 2 6 6 . 3 2 . 0 8
3 N2 2 8 . 4 3 9 7 0 . 2 5 0 2 2 0 . 0 2 2 2 9 . 8 2 . 4 7
4 K1 1 5 . 0 4 1 1 0 . 1 9 3 1 2 3 . 5 5 1 2 4 . 3 1 . 0 7
5 M4 5 7 . 9 6 8 2 0 . 0 2 3 1 9 . 8 1 3 3 . 9 0 . 0 2
6 01 1 3 .9430 0 . 1 7 0 1 3 6 . 9 7 1 4 3 . 2 0 . 7 0
7 M6 8 6 . 9 5 2 3 0 . 0 1 8 1 7 5 . 4 9 1 9 6 . 7 0 . 0 2
9 S4 6 0 . 0 0 0 0 0 . 0 1 5 3 0 . 4 8 3 4 . 4 0 . 0 1
12 S6 9 0 . 0 0 0 0 0 . 0 0 7 9 6 . 8 8 1 0 2 . 8 0 . 0 0
36 M8 1 1 5 . 9 3 6 4 0 . 0 0 2 1 7 5 . 4 3 2 0 3 . 7 0 . 0 0
11 NU2 2 8 . 5 1 2 6 0 . 0 4 8 2 3 1 . 9 2 2 4 1 . 3 0 . 0 9
13 MU 2 2 7 . 9 6 8 2 0 . 0 3 0 2 2 0 . 0 4 2 3 2 . 2 0 . 0 4
14 2N2 2 7 . 8 9 5 4 0 . 0 3 3 2 1 8 . 4 5 2 3 0 . 9 0 . 0 4
15 001 1 6 . 1 3 9 1 0 . 0 0 7 1 1 0 . 1 4 1 0 5 . 4 0 . 0 0
16 LAM 2 2 9 . 4 5 5 6 0 . 0 0 9 2 5 2 . 4 8 2 5 7 . 2 0 . 0 0
18 Ml 1 4 . 4 9 6 7 0 . 0 1 2 1 3 0 . 2 6 1 3 3 . 8 0 . 0 0
19 J1 1 5 . 5 8 5 4 0 . 0 1 3 1 1 6 . 9 0 1 1 5 . 0 0 . 0 0
25 RH01 1 3 . 4 7 1 5 0 . 0 0 6 1 4 2 . 7 2 1 5 1 . 3 0 . 0 0
26 Q1 1 3 . 3 9 8 7 0 . 0 3 3 1 4 3 . 6 2 1 5 2 . 6 0 . 0 3
27 T2 2 9 . 9 5 8 9 0 . 0 1 4 2 6 3 . 4 7 2 6 5 . 7 0 . 0 1
28 R2 3 0 . 0 4 1 1 0 . 0 0 2 2 6 5 . 2 5 2 6 7 . 0 0 . 0 0
29 2Q1 1 2 . 8 5 4 3 0 . 0 0 4 1 5 0 . 2 7 1 6 2 . 0 0 . 0 0
30 P I 1 4 . 9 5 8 9 0 . 0 6 4 1 2 4 . 5 6 1 2 5 . 8 0 . 1 5
33 L2 2 9 . 5 2 8 5 0 . 0 3 6 2 5 4 . 0 8 2 5 8 . 4 0 . 0 7
35 K2 3 0 . 0 8 2 1 0 . 0 6 5 2 6 6 . 1 5 2 6 7 . 7 0 . 0 9
IES MSL = 4 . 8 0  SLOPE = 0 . 000218 7 0 . 5 8
TSS = 3 7 2 4 . 6
RESIDUAL RMS = 0 . 6 1 8 7
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m e t e r )  or  more o c c u r r e d  t h a t  c o i n c i d e d  w i t h  a l l  o f  t h e  l i s t e d  s t o r m  
e v e n t s  e x c e p t  t h e  J a n  13 -  14 e v e n t .  A f l u c t u a t i o n  o c c u r r i n g  on March 
19 — 20 d i d  n o t  c o i n c i d e  w i t h  a d o c u m e n te d  s t o r m .  T h e  A p r i l  2 6  s t o r m  
p r o d u c e d  a s e t u p  t o w a r d  G l o u c e s t e r  P o i n t  w i t h  a maximum e l e v a t i o n  o f  
o v e r  one f o o t  and a d u r a t i o n  o f  about  2 4  h o u r s .  A n a l y s i s  o f  t h e  w i n d  
d a t a  y i e l d s  some e x p l a n a t i o n s  f o r  t h e  o b s e r v e d  b e h a v i o r .
R e d u c t i o n  o f  Wind Data
T im e  s e r i e s  p l o t s  o f  t h e  wind com p onents  a r e  c o n t a i n e d  i n  A ppendix  
C. The p l o t s  from t h e  t h r e e  s t a t i o n s  a p p e a r e d  t o  be  q u i t e  s i m i l a r ,  and  
t h i s  i m p r e s s i o n  w a s  b o r n e  o u t  i n  t h e  c r o s s  c o r r e l a t i o n  c o m p u t a t i o n s  
( T a b le  2 ) .  As was n o t e d  b y  E l l i o t t  ( 1 9 7 6 )  and K i l e y  ( 1 9 8 0 ) ,  w i n d s  w e r e  
s i m i l a r  o v e r  d i s t a n c e s  o f  up t o  50  n a u t i c a l  m i l e s  ( 9 3  km) i n  t h e  
C h esapeake  Bay a r e a .  C o r r e l a t i o n s  among t h e  w i n d  c o m p o n e n t s  f r o m  t h e  
t h r e e  s t a t i o n s  i n  t h i s  s t u d y  f e l l  b e t w e e n  + 0 . 7  and + 0 . 8 ,  d e s p i t e  t h e  
f a c t  t h a t  t h e r e  were  some m i s s i n g  d a t a  i n  t h e  G l o u c e s t e r  P o i n t  r e c o r d .  
The N o r f o l k  r e c o r d  was  s e l e c t e d  f o r  t h e  s u b s e q u e n t  a n a l y s e s  b e c a u s e  o f  
t h e  c o m p l e t e n e s s  o f  t h e  r e c o r d .
F u r t h e r  i n s p e c t i o n  o f  t h e  p l o t s  d o e s  n o t  u n v e i l  any  i m m e d i a t e l y  
o b v i o u s  c o r r e l a t i o n  w i t h  w a t e r  l e v e l s .  The s to r m s  l i s t e d  i n  T a b l e  5 a r e  
e a s i l y  l o c a t e d  o n  t h e  p l o t s ,  and f u r t h e r  e x a m i n a t i o n  y i e l d s  some  
i n t e r e s t i n g  o b s e r v a t i o n s .  A l l  o f  t h e  s to r m s  e x c e p t  t h e  A p r i l  2 6  s t o r m  
b l e w  s t r o n g e s t  from t h e  w e s t e r n  s e m i c i r c l e .  Only t h e  A p r i l  s tor m  was a 
t r u e  n o r t h e a s t e r  w h i l e  f o u r  o f  t h e  r e m a i n i n g  s i x  s t o r m s  w e r e  
s o u t h w e s t e r s • The h i g h e s t  w in d s  were  g e n e r a t e d  by t h e  A p r i l  n o r t h e a s t e r  
b u t  t h e  s o u t h w e s t e r  o f  J a n u a r y  26 c a r r i e d  w in d s  w i t h  m easured  v e l o c i t i e s  
w i t h i n  a f e w  k n o t s  o f  t h e  A p r i l  n o r t h e a s t e r .  I n  s u p p o r t  o f  t h e  
h y p o t h e s i s  o f  t h i s  s t u d y ,  t h e  s to r m s  t h a t  b l e w  o u t  o f  t h e  w e s t  p r o d u c e d
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TABLE 5
LIST OF STORMS AFFECTING CHESAPEAKE BAY, JANUARY -  APRIL. 1978
1)  J a n  9 -  1 1 :  A s e v e r e  w i n t e r  s t o r m  r e s u l t i n g  f r o m  a p o l a r  f r o n t  
b r o u g h t  s t r o n g  c o l d  w i n d s  o v e r  t h e  e a s t e r n  h a l f  o f  t h e  c o u n t r y .  
W in d s  o f  50  k n o t s  and  g r e a t e r  w e r e  r e p o r t e d  o f f  t h e  s o u t h e a s t e r n  
c o a s t  w i t h  3 0 —40 f t  s e a s .
2 )  J a n  13  — 14:  F a s t  moving  s torm  f o l l o w e d  t h e  c o a s t l i n e  from T e xas  t o  
L abrador  w i t h  o f f s h o r e  w in d s  up t o  60 k n o t s .
3 )  J a n  2 0  -  2 1 :  S m a l l  s t o r m  p a s s e d  s o u t h  o f  t h e  mouth o f  Chesapeake  
B a y .
4)  J a n  2 6  — 2 9 :  A s t o r m  o r i g i n a t i n g  o v e r  t h e  G u l f  C o a s t  t r a c k e d  
n o r t h e a s t w a r d  o v e r  t h e  G r e a t  L a k e s  b r i n g i n g  h i g h  w i n d s  t o  t h e  
C h e s a p e a k e  B a y  a r e a .  T w e n t y - f o u r  f o o t  s e a s  were  r e p o r t e d  o f f  Cape 
H a t t e r a s  on t h e  2 7 t h .
5 )  F e b  6 - 7 :  Cape  H a t t e r a s  s t o r m  w i t h  w i n d s  e x c e e d i n g  50 k n o t s  and 
t i d a l  h e i g h t s  2 - 6  f e e t  above  normal  a l o n g  t h e  e a s t  c o a s t .
6 )  F e b  2 2  — 2 3 :  E a s t w a r d  moving s torm  p a s s i n g  s o u t h  o f  t h e  C hesapeake  
Bay t h r o u g h  N o r t h  C a r o l i n a  w i t h  o f f s h o r e  w in d s  a p p r o a c h i n g  60 k n o t s .
7 )  A p r i l  2 6  -  2 9 :  S e v e r e  s t o r m  t r a v e l i n g  e a s t w a r d  t h r o u g h  N o r t h
C a r o l i n a  w i t h  h e a v y  r a i n f a l l  and  w i n d s  up t o  6 0  k n o t s  a t  H a m p t o n .  
V i r g i n i a .  Su r ge  h e i g h t s  were  3 f e e t  above  n o r m a l .  The h i g h  t i d e  a t  
S e w e l l ' s  P o i n t  i n  Hampton Roads was s e c o n d  o n l y  t o  t h e  Ash W e d n e s d a y  
1962 s torm  f o r  e x t r a t r o p i c a l  s torm  s u r g e s  r e c o r d e d  d u r i n g  t h e  l a s t  50  
y e a r s .
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a s e t  down on t h e  w e s t e r n  s h o r e .  The n o r t h e a s t e r ,  h o w e v e r ,  g e n e r a t e d  a 
s e t u p .  The  F e b r u a r y  6 s t o r m  e x e r t e d  i t s  s t r o n g e s t  w in d s  o n t  o f  t h e  
n o r t h w e s t ,  b u t  t h e r e  was no a p p a r e n t  d i f f e r e n c e  o f  e f f e c t  on t h e  se tdow n  
d u e  t o  t h e  n o r t h - s o u t h  w i n d  c o m p o n e n t .  The J a n u a r y  13 s tor m  p r o d u c e d  
m in im a l  e f f e c t  on s e t u p  p o s s i b l y  b e c a n s e  i t s  w i n d s  w e r e  o f  t h e  l o w e s t  
v e l o c i t y  and s h o r t e s t  d u r a t i o n  o f  a l l  t h e  l i s t e d  s t o r m s .  The s e t u p  t h a t  
a p p e a r e d  March 19  c o i n c i d e s  w i t h  a m o d e r a t e l y  h i g h  wind e v e n t  t h a t  b e g a n  
w i t h  w i n d s  o n t  o f  t h e  s o u t h w e s t  w h ic h  q u i c k l y  d i e d  and t h e n  a r o s e  a g a i n  
o u t  o f  t h e  n o r t h e a s t .  From t h e  t im e  s e r i e s  p l o t s  i t  i s  a p p a r e n t  t h a t  
h i g h  w i n d s  do  a f f e c t  t h e  c r o s s - b a y  s e a  l e v e l  and t h a t  t h e  l o c a l  e a s t -  
w e s t  w i n d  c o m p o n e n t  may b e  t h e  d o m i n a n t  f a c t o r .  I n  a d d i t i o n ,  t h e  
r e s p o n s e  t im e  o f  t h e  s y s t e m  i s  s h o r t ,  t h r e e  t o  s i x  h o u r s .
G r a p h i c a l  Com parison  o f  Wind S t r e s s  and Water L e v e l  
The  g r a p h i c a l  a n a l y s i s  o f  t h e  d a t a  f r o m  e x t r a t r o p i c a l  s torm  o f  
O c t o b e r  1982 i n c l u d e d  t h e  harm onic  a n a l y s i s  o f  t h e  t i d e  r e c o r d  ( F i g u r e s  
4 and 5 )  and  t h e  r e s o l u t i o n  o f  t h e  wind com ponents  ( F i g u r e  6 ) .  There  
were  a c t u a l l y  two n o r t h e a s t e r s  i n  t h e  r e c o r d ,  t h e  major  s torm  o f  O c t o b e r  
2 4 - 2 6  and a s m a l l e r  e v e n t  from O c t o b e r  9—1 1 .  The s u r g e  component from 
t h e  l a t e r  s t o r m  i s  q u i t e  p r o n o u n c e d ,  r i s i n g  v e r y  r a p i d l y ,  w i t h  t h e  
e x c e p t i o n  o f  a s m a l l  p l a t e a u ,  t o  a p e a k  o f  t h r e e  f e e t  ( 0 . 9  m e t e r s )  
w i t h i n  24 h o u r s .  The f a l l o f f  t o  n o r m a l  l e v e l s  was  e q u a l l y  a s  r a p i d .  
T h i s  r e s p o n s e  i s  i n  c o n t r a s t  t o  t h a t  o f  t h e  A p r i l  1978 n o r t h e a s t e r ,  in  
w h ic h  t h e  s u r g e  rem ained  a t  h i g h  l e v e l s  l o n g e r ,  p e a k i n g  t w i c e  b e f o r e  
f a l l i n g  o f f .  The  w i n d  c o m p o n e n t s  c l e a r l y  show t h e  s tor m  p e r i o d s ,  and 
b o t h  c om ponents  a p p e a r  t o  b e  c o r r e l a t e d  w i t h  t h e  s u r g e .  An i m p r o v e d  
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c o m p o n e n t s  p l o t t e d  on  t h e  same t i m e  a x i s  a s  t h e  s u r g e  t i m e  s e r i e s  
( F i g u r e s  7 and 8 ) .  B o t h  c o m p o n e n t s  ap p e ar  t o  be w e l l  c o r r e l a t e d  w i t h  
t h e  s u r g e  h e i g h t s  b u t  t h e  e a s t - w e s t  c o m p o n e n t  f i t s  t h e  s t o r m  e v e n t s  
s o m e w h a t  b e t t e r .  The  d e l a y  t i m e  b e t w e e n  wind f o r c i n g  and w a t e r  l e v e l  
r e s p o n s e  i s  a g a i n  s h o r t  ( l e s s  t h a n  6 h o u r s ) .  The r e s u l t s  o f  t h e  s t u d y ,  
t o  t h i s  p o i n t ,  s u g g e s t  t h a t  s i g n i f i c a n t  r e l a t i o n s h i p s  b e t w e e n  t h e  wind  
com p onents  and s u r g e  l e v e l s  may e x i s t ,  as  was found by Wang and E l l i o t t .  
The  c r o s s - b a y  s e t u p  ap p e a r e d  t o  be  a f f e c t e d  p r i m a r i l y  b y  t h e  e a s t - w e s t  
com p on e n t .  The f o l l o w i n g  t e s t  a t t e m p t e d  t o  g a i n  a m easure  o f  t h e  a c t u a l  
i n f l u e n c e  o f  t h e  e a s t - w e s t  c o m p o n e n t .
T e s t  o f  S e t u p  E q u a t i o n
The s c a t t e r  d ia g r a m s  o f  F i g u r e s  9 and 10 p r e s e n t  t h e  r e s u l t s  o f  t h e  
s e t u p  e q u a t i o n  m odel  f o r  s h e a r  s t r e s s  c o e f f i c i e n t s  o f  0 . 0 0 2 1  and 0 . 0 0 2 5  
r e s p e c t i v e l y .  A p o s i t i v e  v a l u e  o f  s e t u p  shows a s e t u p  on t h e  w e s t e r n  
s h o r e  w h i l e  a n e g a t i v e  v a l u e  i n d i c a t e s  a s e tdow n ( s e t u p  on  t h e  e a s t e r n  
s h o r e ) .  The  c o r r e l a t i o n  b e t w e e n  o b s e r v e d  and p r e d i c t e d  s e t u p  on t h e  
w e s t e r n  s h o r e  a p p e a r s  t o  be  b e t t e r  t h a n  t h a t  f o r  p r e d i c t e d  v s .  o b s e r v e d  
s e t d o w n .
A c h i - s q u a r e  t e s t  was u s e d  t o  d e t e r m i n e  i f  t h e  p r e d i c t e d  v a l u e s  o f  
s e t u p  d e v i a t e d  s i g n i f i c a n t l y  f r o m  t h e  e x p e c t e d  ( o b s e r v e d )  v a l u e s .  
S p e c i f i c a l l y ,  u s i n g  t h e  m ethods  d e s c r i b e d  by  F r e e s e  ( 1 9 6 0 ) ,  a m easu r e  o f  
t h e  a c c u r a c y  a t t a i n e d  b y  t h e  m o d e l  can  be com puted ,  o r  c o n v e r s e l y  t h e  
r e q u i r e d  l e v e l  o f  a c c u r a c y  s p e c i f i e d  as an h y p o t h e s i z e d  v a r i a n c e  c a n  b e  
t e s t e d  w i t h  r e s p e c t  t o  t h e  m easur e d  v a l u e s .  U s i n g  t h e  form er  a p p r o a c h ,  
t h e  a c c u r a c y  o f  t h e  m o d e l  w a s  f o u n d  t o  b e  l i m i t e d  t o  a b o u t  0 . 5  f e e t  
( 0 . 1 5  m e t e r s ) .  H o w e v e r ,  t h e  o c c u r r e n c e  o f  a s y s t e m a t i c  b i a s  i n  t h e  


















































































































RESULTS OF CHI-SQUARE TEST 
LIMITS OF ACCURACY IN PREDICTING SETUP (FEET)
k = 0 . 0 0 2 1  k = 0 . 0 0 2 5
Raw Data
(2 4  d . f . ) 0 . 5 2 9 2 0 . 4 9 4 6
A d j u s t e d
f o r  B i a s 0 . 2 5 0 5 0 . 2 9 8 2
(22  d . f . )
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v a l u e s  w i l l  a d v e r s e l y  a f f e c t  t h e  l e v e l  o f  a c c u r a c y  m easur e d  by  t h e  c h i -  
s q u a r e  t e s t .  I n  t h i s  c a s e  a t e s t  o f  t h e  b i a s - f r e e  a c c u r a c y  c a n  b e  
p e r fo r m e d  by  f i r s t  r e g r e s s i n g  t h e  p r e d i c t e d  s e t u p  on t h e  o b s e r v e d  s e t u p ,  
c om p u t in g  t h e  r e s i d u a l  sum o f  s q u a r e s  and t h e n  p e r f o r m i n g  a c h i - s q u a r e  
t e s t  o f  t h e  r e s i d u a l  sum o f  s q u a r e s  a g a i n s t  t h e  h y p o t h e s i z e d  v a r i a n c e .  
The r e s u l t s  o f  t h i s  t e c h n i q u e  y i e l d e d  an improved a c c u r a c y  o f  about  0 . 2 5  
f e e t  ( 0 . 0 8 9  m e t e r s ) .  T h e  r e s u l t s  o f  t h e s e  c h i - s q u a r e  t e s t s  a r e  
summarized  i n  T a b l e  6 .  The h i g h e r  v a l u e  o f  t h e  s h e a r  s t r e s s  c o e f f i c i e n t  
r e s u l t e d  i n  p r e d i c t i o n s  c l o s e r  t o  t h e  e x p e c t e d  v a l u e s  as  e v i d e n c e d  by  
t h e  r e g r e s s i o n  l i n e s .  H o w e v e r ,  a c o e f f i c i e n t  v a l u e  o f  0 . 0 0 4 2  w a s  
r e q u i r e d  t o  y i e l d  p r e d i c t e d  s e t u p s  n e a r  t h e  o b s e r v e d  s e t u p s .  T h i s  v a l u e  
i s  t w i c e  as  g r e a t  as  t h e  v a l u e s  i n d i c a t e d  by  Amorocho and D e V r i e s  ( 1 9 8 0 )  
and by  Hsu ( 1 9 7 4 ) .
A l t h o u g h  t h e  r e l a t i v e  a c c u r a c y  o f  t h e  model  was f a i r l y  low i n  t h e s e  
t e s t s ,  t h e  c o e f f i c i e n t  o f  c o r r e l a t i o n  w as  h i g h  ( r  = 0 . 8 3 6 )  and t h e  
p r o p o r t i o n  o f  t h e  v a r i a n c e  o f  p r e d i c t e d  s e t u p  a t t r i b u t a b l e  t o  t h e  
r e g r e s s i o n  on t h e  o b s e r v e d  s e t u p  was 70% ( s e e  S n e d e c o r  and Cochran 1967  
and S o k a l  and R o h l f  1969 f o r  d e s c r i p t i o n  o f  c o r r e l a t i o n  and  r e g r e s s i o n  
t e c h n i q u e s ) .  The  i n a b i l i t y  o f  t h e  m o d e l  t o  p r e d i c t  t h e  s e t u p  w i t h  
b e t t e r  a c c u r a c y  i s  p r o b a b l y  d u e  t o  t h r e e  o c c u r r e n c e s  o f  n e g l i g i b l e  
o b s e r v e d  s e t u p  d u r i n g  h i g h  wind e v e n t s .  A l s o ,  t h e r e  were two i n s t a n c e s  
where w in d s  b l o w i n g  from t h e  w e s t  c o i n c i d e d  w i t h  s e t u p  on  t h e  w e s t e r n  
s h o r e ,  i n  c o n t r a d i c t i o n  t o  t h e  h y p o t h e s i s .  I n  g e n e r a l ,  h o w e v e r ,  t h e  
p o i n t s  f a l l i n g  i n  t h e  upper  r i g h t  q u a d r a n t ,  r e p r e s e n t i n g  s e t u p  on  t h e  
w e s t e r n  s h o r e ,  show much b e t t e r  c o r r e l a t i o n  th an  t h e  p o i n t s  i n  t h e  lo w e r  
l e f t  q u a d ra n t  w h ic h  i n d i c a t e  s e t d o w n .  I t  a p p e a r s  t h a t  t h e  l o c a l  e a s t -  
w e s t  c o m p o n e n t  i s  t h e  d o m i n a n t  f a c t o r  i n  c r e a t i n g  a s e t u p  a c r o s s  t h e
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B ay ,  p a r t i c u l a r l y  when  b l o w i n g  o u t  o f  t h e  e a s t .  H o w e v e r ,  t h e  w i n d  
v e l o c i t i e s  m u s t  h e  r e l a t i v e l y  h i g h  ( >15  k n o t s  (28  k m /h r ) )  and o t h e r  
f a c t o r s ,  i n c l u d i n g  p o s s i b l y  t h o s e  i d e n t i f i e d  b y  Wang and E l l i o t t ,  may  
m o d i f y  t h e  e x p e c t e d  s e t u p .
S p e c t r a l  A n a l y s i s  
C r o s s  s p e c t r a l  a n a l y s i s  o f  t h e  t im e  s e r i e s  p r o v i d e d  t h e  o p p o r t u n i t y  
t o  f u r t h e r  i n v e s t i g a t e  t h e  r e l a t i o n s h i p s  a m o n g  t h e  w i n d  s t r e s s  
c o m p o n e n t s  and  s e a  l e v e l .  The  r e s u l t s  a r e  c o n t a i n e d  i n  Ap pend ix  D. 
P l o t s  o f  s p e c t r a ,  c o h e r e n c e  s q u a r e d ,  and p h a s e  c o m p u t e d  o v e r  a r e c o r d  
l e n g t h  o f  114  d a y s  a t  a 3 hour  sam ple  i n t e r v a l  a r e  i n c l u d e d .
The sp e c tr u m  o f  t h e  c r o s s - b a y  s e a  l e v e l  f l u c t u a t i o n s  c o n t a i n e d  
t h r e e  d i s t i n c t  p e a k s  i n  t h e  s u b t i d a l  r a n g e  a s  w e l l  a s  a s e m i d i u r n a l
com p on e n t .  Of t h e  s u b t i d a l  p e a k s ,  o c c u r r i n g  a t  p e r i o d s  o f  1 2 ,  2 ,  and
2
1 . 2 5  d a y s ,  o n l y  t h e  12  d a y  c o m p o n e n t  w a s  c o h e r e n t  ( y  = 0 . 8 )  w i t h  a 
wind s t r e s s  c o m p o n e n t ,  nam ely  t h e  e a s t - w e s t  c o m p o n e n t .  No s i g n i f i c a n t  
c o h e r e n c e  b e t w e e n  t h e  c r o s s - b a y  f l u c t u a t i o n s  and t h e  n o r t h - s o u t h  wind  
s t r e s s  was a p p a r e n t  i n  t h e  a n a l y s i s .  I n s p e c t i o n  o f  t h e  t im e  h i s t o r y  o f  
t h e  s e t u p  shows p r e d o m i n a n t l y  low l e v e l ,  h i g h  f r e q u e n c y  o s c i l l a t i o n s  o f  
d i u r n a l  and s h o r t e r  p e r i o d s .  L a r g e r  a m p l i t u d e ,  l o n g  p e r i o d  f l u c t u a t i o n s  
o c c u r r e d  i n f r e q u e n t l y ,  d u r i n g  s t o r m s ,  and may b e  c o n s i d e r e d  t o  b e  
t r a n s i e n t  phenom ena.  T h u s ,  t h e  s u b t i d a l  s p e c t r a l  p e a k s  ap p e a r  t o  r e s u l t  
f r o m  s h o r t  d u r a t i o n ,  h i g h  w i n d  e v e n t s  r a t h e r  t h a n  l o n g  t e r m  
p e r i o d i c i t i e s  i n  t h e  w i n d .  I n  a d d i t i o n ,  t h e  r e s u l t s  o f  t h e  c r o s s  
s p e c t r a l  a n a l y s i s  o f  t h e  c r o s s - b a y  f l u c t u a t i o n s  and t h e  n o r t h - s o u t h  wind  
s t r e s s  component  do n o t  s u p p o r t  t h e  h y p o t h e s i s  t h a t  t h e  o b s e r v e d  s e t u p  
i s  i n f l u e n c e d  by  t h e  l o n g i t u d i n a l  wind c o m p onent .
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The t i d e  r e c o r d s  from G l o u c e s t e r  P o i n t  and  K i p t o p e k e  B e a c h  w e r e  
c o h e r e n t  o v e r  t h e  l o w  f r e q u e n c y  s p e c t r u m  w i t h  n e g l i g i b l e  p h a s e  
d i f f e r e n c e s  a t  p e r i o d s  g r e a t e r  t h a n  tw o  d a y s .  T h e  tw o  s t a t i o n s  w e r e  
a l s o  c o h e r e n t  a t  a p e r i o d  o f  1 . 2 5  days  and a t  d i u r n a l  and s e m i d i u r n a l  
p e r i o d s ,  a g a i n  w i t h  s m a l l  p h a s e  d i f f e r e n c e s .  T h i s  r e s u l t  i s  c o n s i s t e n t  
w i t h  W a n g rs f i n d i n g s  o f  h i g h  c o h e r e n c e  t h r o u g h o u t  t h e  B ay  a t  l o n g  
p e r i o d s .  A d d i t i o n a l l y ,  G l o u c e s t e r  P o i n t  i s  c o h e r e n t  w i t h  K i p t o p e k e  
Beach  a t  p e r i o d s  t h a t  d i s t i n g u i s h  K ip t o p e k e  as  a c o a s t a l  o c e a n  s t a t i o n .
CONCLUSIONS
T h e  r e s u l t s  o f  t h i s  s t u d y  e x p a n d  on t h e  f i n d i n g s  o f  Wang and  
E l l i o t t .  Wang's  s e a  l e v e l  r e s p o n s e  m o d e l  f o r  C h e s a p e a k e  B a y  r e l a t e s  
n o n —t i d a l  s e a  l e v e l  f l u c t u a t i o n s  d i r e c t l y  t o  t h e  wind f i e l d .  H i s  model  
p r e d i c t s  q u a l i t a t i v e l y  t h e  r e s p o n s e  a l o n g  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  
B ay .
The p r e s e n t  s t u d y  h a s  found  t h a t  t h e  l o w e r  C h esapeake  Bay  a l s o  h a s  
a s i g n i f i c a n t  l a t e r a l  r e s p o n s e .  Wind d r i v e n  s e a  l e v e l  s e t u p s  o f  o v e r  1 
f o o t  ( . 3 1  m e t e r )  o c c u r  on t h e  w e s t e r n  s h o r e  d u r i n g  s e v e r e  e x t r a t r o p i c a l  
s t o r m s .
U n l i k e  t h e  r e l a t i o n s h i p s  found b y  Wang and E l l i o t t  f o r  s u b t i d a l  s e a  
l e v e l  f l u c t u a t i o n s *  t h e  s e t u p  i s  p r i m a r i l y  due t o  t h e  l o c a l  e a s t - w e s t  
com p on e n t  o f  w i n d  s t r e s s  g e n e r a t e d  d u r i n g  s t o r m  e v e n t s  and  i s  m o s t  
a p p a r e n t  on t h e  w e s t e r n  s h o r e  d u r i n g  n o r t h e a s t e r s .  However ,  t h i s  t y p e  o f  
r e s p o n s e  d o e s  n o t  c o n s i s t e n t l y  o c c u r ,  p a r t i c u l a r l y  d u r i n g  s t o r m  e v e n t s  
i n  w h i c h  t h e  s t r o n g e s t  w i n d s  b l o w  f r o m  t h e  w e s t ,  n o r  do t h e  s e t u p  
h e i g h t s  r e a c h  t h e  same l e v e l s  on b o t h  s i d e s  o f  t h e  B ay .
A l t h o u g h  t h e  l o c a l  e a s t - w e s t  w ind  s t r e s s  component i s  t h e  domin ant  
f a c t o r ,  a s  e v i d e n c e d  b y  t h e  r e s u l t s  o f  t h e  s e t u p  m o d e l  t e s t ,  t h e  m o d e l  
u n d e r p r e d i c t s  a c t u a l  o b s e r v a t i o n s ,  s u g g e s t i n g  t h a t  a d d i t i o n a l  f a c t o r s ,  
i n c l u d i n g  dynamic  i n t e r a c t i o n s ,  c o n t r i b u t e  t o  t h e  o b s e r v e d  s e t u p .  The  
c r o s s - b a y  f l u c t u a t i o n s  may a l s o  b e  a f f e c t e d  b y  t h e  n o r t h - s o u t h  wind  
s t r e s s  component  b u t  t h e  r e s u l t s  o f  t h e  s p e c t r a l  a n a l y s i s  do n o t  p r o v i d e  
any s u p p o r t i n g  e v i d e n c e .  No c o n c l u s i o n s  r e g a r d i n g  t h e  e f f e c t  o f  c o a s t a l
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c o u p l i n g  h a v e  b e e n  made.  However,  t h e  r a p i d  r e s p o n s e  o f  s e t u p  t o  t h e  
w i n d  s t r e s s  s u g g e s t s  t h a t  t h e  r e s p o n s e  i s  p r e d o m i n a n t l y  due t o  l o c a l  
f o r c i n g .
T h e  c r o s s - b a y  f l u c t u a t i o n s  o f  s e a  l e v e l  c o n t a i n  a t  l e a s t  o n e  
p e r i o d i c i t y  t h a t  i s  a s s o c i a t e d  w i t h  o s c i l l a t i o n s  i n  w i n d  v e l o c i t y  and  
d i r e c t i o n .  The  o b s e r v e d  c o r r e l a t i o n s ,  h o w e v e r ,  n e i t h e r  s u p p o r t  nor  
d i s p r o v e  t h e  Wang m o d e l  r e g a r d i n g  s e a  l e v e l  r e s p o n s e  t o  l o c a l  w i n d  
s t r e s s .  D i u r n a l  f l u c t u a t i o n  i n  c r o s s - b a y  l e v e l s  a l s o  o c c u r s .  T h i s  
co m p onent  may b e  r e l a t e d  t o  t h e  l a n d  b r e e z e - s e a  b r e e z e  p h e n o m e n o n .  
O t h e r  p e r i o d i c i t i e s  e x i s t  t h a t  a r e  n o t  c o r r e l a t e d  w i t h  t h e  w i n d .  
A s s o c i a t e d  f a c t o r s  may be  c o a s t a l  i n f l o w  o f  w a t e r ,  s e i c h e  o s c i l l a t i o n s ,  
or b a r o m e t r i c  e f f e c t s ,  among o t h e r s .
The n o n - t i d a l  v a r i a t i o n s  o c c u r r i n g  on o p p o s i t e  s h o r e s  o f  t h e  l o w e r  
p a r t  o f  t h e  B a y  w e r e  c o h e r e n t  a t  p e r i o d s  l o n g e r  t h a n  2 d a y s  and a t  
d i u r n a l  and s e m i d i u r n a l  p e r i o d s .  The G l o u c e s t e r  P o i n t  s t a t i o n  t h u s  may  
be  c l a s s i f i e d  w i t h  K i p t o p e k e  Beach a s  a c o a s t a l  o c e a n  s t a t i o n .
F u r t h e r  s t u d y  o f  c o a s t a l  c o u p l i n g  w i t h  t h e  B a y  i s  n e e d e d  t o  
d e t e r m i n e  i f  i t  i s  a c o n t r i b u t o r  t o  c r o s s - b a y  s e t u p .  Csanady ( 1 9 8 1 ) ,  in  
an a r t i c l e  p u b l i s h e d  a f t e r  t h i s  s t u d y  h a d  b e g u n ,  p r e s e n t s  an a p p r o a c h  
f o r  a n a l y z i n g  w i n d  d r i v e n  t r a n s i e n t  c u r r e n t s .  He e x p l a i n s  t h a t  t h e  
t r a n s i e n t  n a t u r e  o f  t h e  wind f o r c i n g  l i m i t s  t h e  u s e f u l n e s s  o f  Ekman t y p e  
m o d e l s  w h i c h  assume s t e a d y  f r i c t i o n a l  f l o w .  He f u r t h e r  s t a t e s  t h a t  t h e  
t r a n s i e n t  p r o p e r t i e s  o f  c o a s t a l  c u r r e n t s ,  w h i c h  d e p e n d  on i n e r t i a l  
f o r c e s ,  a r e  o f  g r e a t e r  i m p o r t a n c e  t o  c o a s t a l  and e n c l o s e d  b a s i n  
c i r c u l a t i o n  t h a n  s t e a d y  s t a t e  c u r r e n t s  g e n e r a t e d  b y  c o n s t a n t  w i n d s .
I n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  t h e  n o r t h - s o u t h  wind component i s  
a l s o  n e e d e d .  The m a g n i t u d e  o f  i t s  i n f l u e n c e  on t h e  c r o s s - b a y  s e t u p  and
57
t h e  m e c h a n i s m  o f  f o r c i n g  m u s t  b e  d e f i n e d  b e f o r e  a r e l i a b l e  model  f o r  
c r o s s - b a y  s e t u p  c a n  b e  s p e c i f i e d .  A g a i n ,  C s a n a d y ' s  a p p r o a c h  may b e  
a p p r o p r i a t e  f o r  s t u d y i n g  t h i s  e f f e c t .
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APPENDIX A
Time S e r i e s  P l o t s  o f  
O b s e r v e d ,  P r e d i c t e d ,  and R e s i d u a l  Sea  L e v e l s  
a t  G l o u c e s t e r  P o i n t  and K i p t o p e k e  Beach
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